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 Leaf wax n-alkanes are hydrocarbon compounds that are biosynthesized by higher 1 
plants. These compounds can be preserved in the geological record as molecular fossil 2 
biomarkers for tens of millions of years. Molecular and isotopic properties of these 3 
biomarkers hold great potential as proxy systems for reconstructing various aspects of 4 
plant physiology, vegetation structure and climate of the past. Still, uncertainty remains 5 
around certain aspects of these proxy systems and their application to past vegetation and 6 
climate dynamic reconstructions. The first half of this thesis aimed to provide a more 7 
nuanced understanding of aspects of leaf wax n-alkane molecular and isotopic proxy 8 
systematics. Major outcomes of this research include an increased understanding of the 9 
scale at which n-alkane molecular distributions in modern plants reflect the climate in 10 
which they live, with results suggesting population scale responses of n-alkane molecular 11 
distributions to climatic conditions. Additionally, carbon isotope systematics of discrete 12 
leaf wax n-alkane compounds are found to vary significantly as a function of mixed 13 
vegetation group inputs to sedimentary records, particularly in relation to aquatic plant 14 
contributions. These results provide new insights into the application of leaf wax n-alkane 15 
proxy systems to reconstructions of past vegetation and climate dynamics. The second half 16 
of the thesis aimed to apply leaf wax n-alkane molecular and isotopic proxy systems to 17 
reconstruct aspects of Australia’s palaeo-environment across the late Cenozoic, focusing 18 
primarily on the timing and drivers of the expansion of C4 vegetation on the Australian 19 
continent. Across many geographic regions, isotope ratios of plant derived carbon in 20 
geological archives indicate that plants using the C4 photosynthetic pathway began to 21 
proliferate during the late Miocene and Pliocene. While Australia is today the most C4 22 
dominated continent on Earth, little is known of the history of this important aspect of the 23 
Australian vegetation. Using carbon isotope ratios measured from leaf wax n-alkanes in 24 
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sediments from offshore Western Australia, it is demonstrated that C4 vegetation expanded 25 
in north-western Australia much more recently than most other geographic regions, within 26 
the last 3.5 million years. n-Alkane molecular distributions indicate C4 proliferation was 27 
the final step in opening of the landscape likely related to increasing aridification. These 28 
research outcomes suggest strongly regional drivers for C4 proliferation across the globe. 29 
Because of the strong links between the distribution of C4 vegetation and warm season 30 
precipitation in Australia today, this aspect of the climate is reconstructed in the context of 31 
C4 proliferation since ~3.5 Ma. Through measuring hydrogen isotope ratios of leaf wax n-32 
alkanes, an increased amount of summer rainfall in northern Australia since the Pliocene is 33 
demonstrated to be a plausible driver for this significant ecological shift on the Australian 34 
continent. The research presented in this thesis furthers our understanding of the 35 
systematics and application of leaf wax n-alkane molecular and isotopic proxy systems. 36 
Late Cenozoic palaeo-environmental reconstructions for the Australian continent using 37 
these proxy systems further our understanding of the development of important aspects of 38 
modern Australian vegetation and climate.  39 
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Chapter 1: Background and literature review 
             
 The common theme of this thesis is the calibration and application of leaf wax n-1 
alkane proxy systems in palaeo-environmental studies, with an emphasis on reconstructing 2 
aspects of Australia’s palaeo-environment during the late Cenozoic (~10 Ma to present). 3 
The late Cenozoic was a time of significant ecological and climatic change across many 4 
regions of the globe, but there has been little work to understand these changes and their 5 
impacts in the Australian region. Constraining these changes for the Australian region is of 6 
great importance for developing projections about how modern ecosystems may respond to 7 
future climate perturbations. In this thesis, four research chapters are presented that have 8 
either been published in the scientific literature or prepared in a manuscript style ready for 9 
submission to a peer-reviewed journal. In addition, three other chapters are presented; a 10 
comprehensive background and literature review (here), a summary of the research 11 
outcomes of the thesis along with study limitations and future directions, and appendices 12 
that include other research items published and a list of conference papers authored during 13 
candidature.  14 
 
 In Section 1 of this background and literature review, I outline leaf wax n-alkane 15 
molecular and isotopic proxy systems used for reconstructing past changes in plant 16 
physiology, vegetation structure on the landscape and climate, and highlight uncertainties 17 
associated with these proxy systems. In Section 2, Australia’s environment and climate 18 
during the late Cenozoic are discussed. I highlight key knowledge gaps pertaining to 19 
Australia’s environment and climate during this this period, and the potential for leaf wax 20 
n-alkane proxy systems to address these. In Section 3, the specific aims of the research are 21 




1 Leaf wax n-alkane proxy systems 23 
1.1 Background 24 
 Leaf waxes, comprising a mixture of organic compounds, are biosynthesized by 25 
higher plants and deposited primarily as a component of the leaf cuticle (Jetter et al., 2006; 26 
Kunst & Samuels, 2003). Leaf waxes play critical physiological and ecological roles, with 27 
a key function of reducing water loss through the cuticle (Jetter & Riederer, 2016; Riederer 28 
& Schreiber, 2001). Other roles include the reduction of solute leaching from inside cells, 29 
protection against UV-radiation damage and minimization of dust, pollen and air pollutant 30 
deposition (Koch & Ensikat, 2008; Kunst & Samuels, 2003). Leaf waxes are in general 31 
comprised of long chain aliphatic n-alkyl derivatives (e.g., n-alkanes, n-alkanols, n-32 
alkanoic acids), along with triterpenoids and minor secondary metabolites, in varying 33 
proportions (Eglinton & Hamilton, 1967; Eglinton et al., 1962; Jetter et al., 2006; Kunst & 34 
Samuels, 2003; Schuster et al., 2016). Mid-long chain n-alkanes (C21–C37) are a 35 
ubiquitous component of leaf waxes in higher plants (Bush & McInerney, 2013) with odd 36 
chain lengths typically dominating as a function of fatty acid elongation during 37 
biosynthesis (Kunst & Samuels, 2003).  38 
 
 Because of their molecular simplicity (i.e. lack of double bonds and functional 39 
groups), leaf wax n-alkanes are robust and relatively stable compounds that can potentially 40 
be preserved for tens of millions of years in sedimentary archives (Eglinton & Logan, 41 
1991), where they subsequently become molecular fossils. Leaf wax n-alkanes can be 42 
transported to and preserved in deep marine and lacustrine sediments as well as soils 43 
(Diefendorf & Freimuth, 2017; Schreuder et al., 2018), with transport occurring through 44 
several avenues. Leaf wax n-alkanes can be delivered in association with whole or partial 45 
leaf material, that can be either allochthonous or autochthonous to the sedimentary deposit, 46 
generally through riverine or leaf-litter fall processes. Leaf wax n-alkanes can be also 47 
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delivered as a stand-alone aerosol or adsorbed to dust or smoke particles through aeolian 48 
processes, subsequent to ablation of waxes from leaf surfaces predominantly by wind or 49 
biomass burning (Diefendorf & Freimuth, 2017; Gagosian & Peltzer, 1986; Rosell-Mele & 50 
McClymont, 2007; Schefuss et al., 2003; Schreuder et al., 2018). In addition, leaf wax n-51 
alkanes can be delivered as a component of sediment that has been eroded and re-deposited 52 
(Diefendorf & Freimuth, 2017; Gagosian & Peltzer, 1986). In all these cases, n-alkane 53 
inputs are spatially and temporally integrated.   54 
 
 Various molecular and isotopic properties of leaf wax n-alkanes reflect aspects of 55 
plant physiology and growth environment. As such, several n-alkane palaeo-environmental 56 
proxy systems exist that can be applied to n-alkane molecular fossils, as a means to 57 
reconstruct past ecological and climate change. Still, there are several significant 58 
knowledge gaps surrounding aspects of these proxy systems, with implications for 59 
confidently interpreting ancient environmental conditions from geological archives. Here, I 60 
outline commonly used leaf wax n-alkane proxy systems and how they are applied, along 61 
with uncertainties associated with these. 62 
 
1.2 n-Alkane molecular distributions as a proxy for vegetation composition  63 
 One approach to reconstructing environments of the past is to identify abundances 64 
of different plant functional types (PFTs) which inhabited the landscape, which in turn may 65 
be used to indicate environmental conditions in a region. Leaf wax n-alkane distributions 66 
of plants are observed to differ in relation to PFT, which refers to groupings of plants 67 
through their physical, phylogenetic and phenological characteristics; for example, grasses, 68 
trees and shrubs. In terrestrial plants, n-alkanes commonly display abundance maxima at 69 
C27, C29 or C31 (Kunst & Samuels, 2003), while in non-emergent aquatic macrophytes, 70 
abundance maxima generally occur at C23 or C25 (Chikaraishi & Naraoka, 2003; Ficken 71 
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et al., 2000; Liu & Liu, 2016). Modern studies of vegetation have shown that PFTs can 72 
also be distinguished within the realm of terrestrial plants through n-alkane molecular 73 
distributions. In terrestrial plants, certain n-alkane compounds are also produced to a 74 
greater extent than others as a function of PFT. This distinction is most evident between 75 
grasses and woody vegetation such as trees and shrubs. In Australia, grasses produce a 76 
higher proportion of the C33 n-alkane than trees or shrubs (Howard et al., 2018). This 77 
pattern is mirrored in North America and Africa, where grasses have higher abundances of 78 
longer chain n-alkanes (C33 and C35) than trees that show higher abundances of the 79 
shorter chain n-alkanes C27 and C29 (Bush & McInerney, 2013; Garcin et al., 2014; 80 
Rommerskirchen et al., 2006; Vogts et al., 2009).  81 
 
 Leaf wax n-alkanes present in sediments represent the integrated inputs from 82 
vegetation in a catchment. The abundance of certain n-alkane compounds relative to others 83 
in that mixture will therefore, in part, be a function of the relative abundance of different 84 
PFTs in the catchment, with changes in vegetation composition through time reflected 85 
(Diefendorf & Freimuth, 2017). The ratio of C33 to C29 n-alkanes in a sedimentary 86 
mixture can be used to estimate relative abundances of grassy versus woody vegetation in a 87 
catchment through time (Carr et al., 2014). Similarly, the different n-alkane molecular 88 
distributions that exist between terrigenous plants and non-emergent aquatic macrophytes 89 
can also be exploited using a ratio of their respective dominant compounds (C29; C31, and 90 
C23; C25, respectively) and can be used to estimate the relative abundance of terrigenous 91 
and submerged/floating aquatic vegetation in a catchment through time (Ficken et al., 92 






1.3 n-Alkane molecular distributions as a climate proxy 94 
 A key function of leaf wax n-alkanes is to reduce water loss through the cuticle 95 
(Jetter & Riederer, 2016; Riederer & Schreiber, 2001). The prevailing mechanism for how 96 
leaf waxes reduce water loss through the cuticle is explained by the so-called barrier 97 
membrane model, where impermeable crystallites formed by n-alkanes (among other 98 
aliphatic compounds) force water through a more amorphous matrix created by alicyclic 99 
compounds. The lengthened transport pathway that this creates increases cuticular 100 
resistance to the passage of water (Jetter & Riederer, 2016; Reynhardt & Riederer, 1994; 101 
Riederer & Schneider, 1990; Riederer & Schreiber, 1995). As such, greater concentrations 102 
of longer and more narrowly distributed n-alkanes should theoretically be produced by 103 
plants living in climatic conditions where the prevention of non-stomatal water loss is 104 
important to limit desiccation (Dodd & Afzal-Rafii, 2000; Dodd & Poveda, 2003; Dodd et 105 
al., 1998; Koch & Ensikat, 2008; Riederer & Schneider, 1990; Riederer & Schreiber, 1995; 106 
Shepherd & Griffiths, 2006). Correlations between n-alkane molecular distributions and 107 
aridity have been observed in a number of spatial transect studies that quantify n-alkanes 108 
from modern vegetation, top soil and sediment core tops (Bush & McInerney, 2015; Carr 109 
et al., 2014; Hoffman et al., 2013; Leider et al., 2013; Tipple & Pagani, 2013; Vogts et al., 110 
2009). Association between major climate change events in the past and shifts in fossil n-111 
alkane molecular distributions is also observed within sediments which track the 112 
Paleocene-Eocene Thermal Maximum (PETM) (Baczynski et al., 2016; Smith et al., 2007).  113 
 
 While there is strong evidence to suggest that leaf wax n-alkanes play a significant 114 
role in managing water loss under arid conditions, the interpretation of leaf wax n-alkane 115 
molecular distributions in this context from sedimentary records is not straightforward. As 116 
outlined previously, n-alkane distributions in sedimentary records are likely to be largely 117 
influenced by mixing of different PFT inputs. The potential for plant community change 118 
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independent of climate is an important factor to consider when interpreting the distribution 119 
of sedimentary n-alkanes in a climatic context (Diefendorf et al., 2011; Diefendorf & 120 
Freimuth, 2017; Freeman & Pancost, 2014; Garcin et al., 2014; Howard et al., 2018; 121 
Jansen & Wiesenberg, 2017; Vogts et al., 2009). Another factor to consider is that most 122 
sedimentary records likely represent a complex mixture of regionally and locally sourced 123 
leaf wax n-alkanes, and as such could reflect inputs of leaf wax from vegetation growing in 124 
vastly different climate regimes (Diefendorf et al., 2011; Diefendorf & Freimuth, 2017; 125 
Freeman & Pancost, 2014; Garcin et al., 2014; Howard et al., 2018; Jansen & Wiesenberg, 126 
2017; Rouillard et al., 2016; Schefuss et al., 2003). In addition, complexity in the 127 
production of leaf wax n-alkanes and their subsequent transport to sedimentary archives 128 
means that it is likely to be difficult to isolate robust climate signals from sedimentary leaf 129 
wax n-alkane distributions (Diefendorf et al., 2011; Howard et al., 2018; Jansen & 130 
Wiesenberg, 2017; Rouillard et al., 2016).  131 
 
 There is potential for these complexities to be minimised where leaf wax n-alkane 132 
distributions can be isolated from fossil leaves of a single species preserved in a 133 
sedimentary record. These types of records exist, with examples including Holocene 134 
Melaleuca quinquenervia sub-fossil leaves from the perched lake Swallow Lagoon on 135 
North Stradbroke Island, Queensland (Barr et al., 2019; Tibby et al., 2016) and Paleogene 136 
Metasequoia fossil leaves from the Canadian Arctic (Yang & Leng, 2009). There is 137 
however minimal modern calibration data for relationships between leaf wax n-alkane 138 
distributions and climate from single plant species. In many cases, calibration studies do 139 
not consider species turnover along climate transects. In addition, there is uncertainty 140 
surrounding the scale at which n-alkane distributions respond to climate variability, with 141 
two opposing schools of thought. n-Alkane distributions could reflect plastic responses to 142 
short-term climate variability, or they could reflect potentially genetically fixed features of 143 
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plants related to the ambient climate conditions they evolved in or adapted to (Bender et 144 
al., 2017; Diefendorf et al., 2015). There is evidence to suggest that genetics plays a large 145 
role in n-alkane biosynthesis (Diefendorf et al., 2015; Dodd & Afzal-Rafii, 2000; Dodd et 146 
al., 1998; Rajčević et al., 2014; Schreiber & Riederer, 1996; Shepherd & Griffiths, 2006). 147 
Confidently interpreting palaeo-climatic changes from changes in n-alkane characteristics 148 
from single species geological records therefore requires a much better understanding of 149 
the scale at which modern n-alkane distributions reflect climate.  150 
 
1.4 n-Alkane carbon isotope ratios as a proxy for photosynthetic pathway 151 
 In addition to n-alkane molecular distributions, n-alkane compound-specific carbon 152 
isotope analysis can be used to investigate vegetation dynamics through time, including 153 
changes in the proportion of plants using different photosynthetic pathways on the 154 
landscape. Higher plants use two main physiological pathways for photosynthesis; C3 and 155 
C4 (Ehleringer & Monson, 1993). A third photosynthetic pathway; Crassulacean Acid 156 
Metabolism (CAM), is also prevalent throughout many biomes (Silvera et al., 2010), but 157 
the importance of this pathway in the fossil record is minimal. This is due to generally low 158 
biomass and predominant occurrence in very arid regions where organic matter 159 
preservation is limited (Raven & Spicer, 1996). C4 plants account for only ~3% of plant 160 
species (Kellogg, 2013; Sage et al., 2012), however C4 vegetation is a significant 161 
component of modern ecosystems globally, comprising ~23% of global gross primary 162 
productivity (Kellogg, 2013; Sage et al., 2012; Still et al., 2003). Most species using the C4 163 
photosynthetic pathway are clustered within the PFTs of grasses and sedges, particularly 164 
the family Poaceae (Gowik & Westhoff, 2011). C4 photosynthesis is also common within 165 
the families Chenopodiaceae, Amaranthaceae, Euphorbiaceae and Asteraceae (Muhaidat et 166 




 C3 photosynthesis involves the fixation of atmospheric CO2 through catalysis by 168 
the enzyme ribulose-1,5-biphosphate carboxylase/oxygenase, more commonly known as 169 
Rubisco. The fixation of CO2 to ribulose-1,5-biphosphate (RuBP) in the presence of 170 
Rubisco within the mesophyll cell produces an unstable enzyme bound intermediate, 2-171 
carboxy-3-ketoarabinitol-1,5-bisphosphate which is hydrolyzed to form a pair of the 3-172 
carbon molecule phosphoglycerate (PGA). A series of intermediate products are formed 173 
from the reduction of PGA by the products of photosynthetic light reactions during the 174 
photosynthetic carbon reduction (PCR) cycle, to ultimately produce the 3-carbon sugar 175 
glyceraldehydes-3-phosphate (G3P), the molecule after which C3 photosynthesis is named. 176 
Subsequently, one of every six of these molecules is converted to a simple sugar while the 177 
rest are used for the regeneration of RuBP for continuation of the carbon fixing process 178 
(Ehleringer & Monson, 1993).  179 
 
 C4 photosynthesis is more complex and first involves the fixation of aqueous 180 
HCO3
- derived from atmospheric CO2 to phosphoenolpyruvate (PEP) in a plant’s 181 
mesophyll cells by the cytosolic enzyme phosphoenolpyruvate carboxylase (PEP-C). The 182 
product of this fixation is the 4-carbon dicarboxylic acid oxaloacetate (the molecule that 183 
gives C4 photosynthesis its name) which is reduced to either malate or aspartate depending 184 
on the photosynthetic pathway enzymatic subtype. These dicarboxylic acids are then 185 
transported to the bundle sheath cells of the plant, and subsequently decarboxylated, and 186 
the CO2 produced during the decarboxylation fixed to RuBP in the presence of Rubisco, as 187 
occurs in mesophyll cells during C3 photosynthesis. The products of this process are then 188 
converted to sucrose and starch through the photosynthetic carbon reduction (PCR) cycle. 189 
The spatial separation of processes in the mesophyll and bundle sheath cells, and the 190 
resultant ringed cell arrangement is known as Kranz anatomy (Ehleringer & Monson, 191 




 C4 plants are better adapted than C3 plants to low atmospheric CO2, high seasonal 193 
aridity; where any rainfall is generally confined to the warm season, as well as conditions 194 
of high light intensity. An elevated CO2 concentration from decarboxylation of C4 acids at 195 
the site of fixation by Rubisco in the bundle sheath results in better function of C4 plants 196 
under low atmospheric CO2 conditions (Long, 1999). The initial fixation of CO2 by the 197 
enzyme PEP-C in C4 plants takes place at a much faster rate than Rubisco in C3 plants. 198 
This allows for higher rates of photosynthesis during times of lower stomatal conductance 199 
in C4 plants and means a high water use efficiency for the plant due to decreased 200 
transpiration through the stomatal boundary (Long, 1999; Osborne & Sack, 2012). In high 201 
light intensity environments, C3 plant photosynthesis is limited by both the quantity of 202 
Rubisco available for CO2 fixation and the rate at which the plant can regenerate RuBP in 203 
the mesophyll cell, resulting in photorespiration; the loss of CO2 back to the atmosphere 204 
through the stomatal boundary. This problem is avoided in C4 plants due to CO2 being 205 
concentrated at the site of Rubisco in the bundle sheath cell (Long, 1999). Photorespiration 206 
relative to photosynthesis in C3 plants is temperature dependent, with more deleterious 207 
effects at higher temperatures (Long, 1999). Because C4 plants do not experience 208 
photorespiration, C4 has a competitive advantage where growing season temperatures are 209 
warm (i.e. where warm season precipitation is high) (Ehleringer et al., 1997). 210 
 
 The physiological and biochemical differences between C3 and C4 photosynthesis 211 
result in differences in carbon isotope discrimination during photosynthesis (O'Leary, 212 
1981). Two stable isotopes of carbon exist; carbon-12 (12C) and carbon-13 (13C). 12C has a 213 
natural abundance of 98.9% while 13C is rare naturally, with an abundance of only ~1%. 214 
The relative abundance of these isotopes in natural materials varies and can be quantified 215 
by measuring the carbon isotope ratio. This is expressed using the delta notation, a ratio of 216 
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the two isotopes relative to a standard (the Vienna Pee Dee Belemnite; VPDB). It is 217 
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Though both 12C and 13C as a component of atmospheric CO2 are utilized by plants during 219 
photosynthesis, discrimination of 13C occurs. The carbon concentrating mechanism of C4 220 
photosynthesis results in less isotopic fractionation than C3 photosynthesis (Farquhar et al., 221 
1989; O'Leary, 1981). The mechanisms for fractionation of atmospheric CO2 δ
13C during 222 
C3 and C4 photosynthesis can be represented quantitatively with the following models, 223 
respectively (Farquhar, 1983; Farquhar et al., 1989; O'Leary, 1981): 224 
 
δ13CC3 = δ





Term a represents the fractionation of carbon isotopes that occurs as atmospheric CO2 225 
diffuses into the leaf through the stomata (4.4‰). The fractionation during carboxylation 226 
by Rubisco is represented by b (27‰). The partial pressure of CO2 inside the leaf and of 227 
the atmosphere is expressed by pi and pa respectively.  228 
 
δ13CC4 = δ





Terms a, b, pi and pa represent the same fractionation as in the equation for C3 229 
photosynthesis, b4 represents fractionation that occurs during carboxylation associated 230 
with PEP-C (−5.7‰), while the proportion of PEP-C fixed carbon that leaks subsequent to 231 
transfer to and prior to de-carboxylation in the bundle sheath cells is represented by φ. 232 
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Consequently, δ13C of plant tissue is indicative of the photosynthetic pathway that a plant 233 
utilizes. For C3 plants, δ13C values of bulk plant tissue range from -20 to -35‰ (σ = -234 
26.5‰). C4 plant bulk tissue exhibits a range in δ13C of -10 to -14‰, (σ = -12.5‰) 235 
(Cerling & Harris, 1999; O'Leary, 1981; Tipple & Pagani, 2007). 236 
 
 Information about the proportional use of the C3 and C4 photosynthesis by 237 
vegetation through time in the catchment of a sedimentary archive can be ascertained by 238 
measuring the δ13C signature of a variety of substrates that preserve the carbon isotope 239 
signatures of vegetation. These include herbivore fossil bioapatite (tooth enamel), 240 
vegetation macro- and micro-fossils, palaeosol carbonates and molecular fossil n-alkanes 241 
(Cerling, 1984; Cerling & Harris, 1999; Cerling et al., 1991; Morgan et al., 1994; Urban et 242 
al., 2016; Wang et al., 1994). The deposition and taxonomy of these substrates differs 243 
significantly, and as such vary in their presence or ubiquity in different geological archives 244 
(Tipple & Pagani, 2007). Of the available substrates for analyzing δ13C as a C3/C4 proxy, 245 
measurement of carbon isotope ratios from molecular fossil n-alkanes has a demonstrated 246 
global utility compared to other substrates. Leaf wax n-alkanes are highly recalcitrant and 247 
are often preserved in temporally continuous geological successions that extend across 248 
millions of years (Eglinton & Logan, 1991). Their transport properties also make them 249 
ideal for assessing broad spatial and temporal trends in vegetation changes. Isotopic 250 
fractionation during biosynthesis of n-alkanes occurs, resulting in systematically even 251 
more 13C depleted δ13C that is measured from these compounds than bulk plant material. In 252 
African plants, mean δ13C of n-alkanes biosynthesized by C3 plants is -33.8‰, while mean 253 






1.5 n-Alkane carbon isotope ratios as a proxy for carbon sources 255 
 One of the dominant controls on n-alkane compound specific δ13C differences in 256 
plants, aside from photosynthetic pathway, is postulated to be terrestrial/emergent versus 257 
non-emergent aquatic plant physiology (Naafs et al., 2019). Theoretically, n-alkane 258 
compounds produced by non-emergent aquatic macrophytes should be more enriched in 259 
13C than those produced by C3 terrestrial plants, as a function of CO2 limitation, increased 260 
CO2 diffusional resistance through water, and uptake of 
13C enriched HCO3
- from 261 
geological sources (Keeley, 1990; Keeley & Sandquist, 1992). As such, n-alkane 262 
compound specific δ13C in sedimentary records deposited in certain settings (e.g. bogs and 263 
lakes) could reflect mixing of non-emergent aquatic macrophytes and C3 terrestrial 264 
vegetation to sedimentary records. Still, there has been limited work to quantify the impact 265 
of vegetation source mixing impacts on δ13C values of discrete leaf wax n-alkanes in 266 
sedimentary records. There is great potential for this to provide insights into lake 267 
hydrology (i.e. variability in habitat favouring emergent versus submerged plants) (Naafs 268 
et al., 2019). Constraining this would have important implications for interpretation of past 269 
vegetation dynamics from leaf wax n-alkane carbon isotopes in lacustrine sedimentary 270 
systems. 271 
 
1.6 n-Alkane hydrogen isotope ratios as a hydrological proxy 272 
 Hydrogen isotope ratios of n-alkanes are another source of palaeo-environmental 273 
information. There are two naturally occurring stable isotopes of hydrogen; protium (1H; 274 
designated as H) and deuterium (2H; designated as D), with abundances on Earth of 275 
99.98% and ~0.02% respectively. The relative abundance of hydrogen isotopes in natural 276 
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δD values of precipitation can be related to various environmental and geographical factors 279 
that influence Rayleigh-type processes during evaporation and condensation of water 280 
(Craig, 1961; Marshall et al., 2007; Sachse et al., 2012). The strongest environmental and 281 
geographical influences on precipitation δD values are known as the continental, 282 
temperature and amount effects (Dansgaard, 1964; Rozanski et al., 1993; Sachse et al., 283 
2012). The continental effect impacts precipitation δD values due to D being preferentially 284 
lost from moist air masses as they progressively move away from the coast, resulting in 285 
more negative δD values further inland. Values of precipitation δD are impacted by the 286 
temperature effect by two mechanisms; an increase in equilibrium isotopic fractionation 287 
between vapor and condensate at higher temperatures, and the correlation between 288 
condensation and temperature influencing rainout. The temperature effect has a significant 289 
influence on precipitation δD values at higher latitudes, where temperature variability is 290 
high (Dansgaard, 1964; Sachse et al., 2012). The amount effect describes the phenomenon 291 
of higher rainout resulting in more precipitation with more negative δD values (Dansgaard, 292 
1964). This is a function of condensation enriched in D being preferentially lost from an air 293 
mass until condensation depleted in D cannot be discriminated against any longer and will 294 
subsequently rainout. This effect is most pronounced in tropical regions, where 295 
temperature variability is relatively low (Rozanski et al., 1993).  296 
 
 Soil moisture is generally considered the primary environmental water source used 297 
by terrestrial higher plants (Dawson, 1998; Sachse et al., 2012), with soil moisture 298 
ultimately originating from precipitation. Still, there are fractionation effects between 299 
precipitation and soil moisture to consider, stemming from evaporation at soil-air 300 
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boundaries (Riley et al., 2002; Sachse et al., 2012). These fractionation effects are often 301 
considered to be negligible because water will generally be taken up by root systems at 302 
depths not affected by evaporation (Sachse et al., 2012). As a result, δD values of 303 
precipitation and δD values of soil moisture can be considered equivalent. Plants uptake 304 
this soil moisture, and it is used during biosynthesis of organic compounds, including n-305 
alkanes (Chikaraishi & Naraoka, 2003; Sternberg, 1988). Isotopic fractionation related to 306 
eco-physiological factors takes place between initial uptake of soil moisture by a plant and 307 
the biosynthesis of organic compounds from intracellular water, with a resultant net 308 
apparent fractionation between values of precipitation δD and plant leaf wax n-alkane δD 309 
(Feakins & Sessions, 2010; Sachse et al., 2012; Sauer et al., 2001; Smith & Freeman, 310 
2006) (Fig. 2). This apparent fractionation is observed to vary between different plant 311 
functional types (Sachse et al., 2012). Grasses in particular have biosynthetic processes 312 
that are less sensitive to transpirational D-enrichment (McInerney et al., 2011). 313 
Photosynthetic pathway also plays a significant role, with higher δD values by more than 314 
20‰ in C4 grasses relative to C3 grasses (Smith & Freeman, 2006). Precipitation δD can 315 
therefore be related to leaf wax n-alkane δD when variability in apparent fractionation for 316 












Figure 2. Simple schematic illustrating the pathway of precipitation hydrogen isotopes through 
water uptake by plants to incorporation into leaf wax n-alkane molecular structure during 
biosynthesis, and how leaf wax n-alkane δD ultimately can be related to precipitation δD through 
apparent fractionation (after Sachse et al., 2012).  
 
 Measurement of δD values from leaf wax n-alkanes preserved in sedimentary 318 
archives can be used to quantify aspects of precipitation though time. In regions close to 319 
the equator, the δD signature of precipitation is predominantly controlled by the amount of 320 
precipitation (Sachse et al., 2012). δD values of leaf wax n-alkanes biosynthesized by 321 
plants in these regions will reflect this signature, and as a result, changes in molecular 322 
fossil n-alkane δD values in sedimentary time-series records from tropical regions will 323 
reflect any changes in precipitation amount through time (Bi et al., 2005; Chikaraishi & 324 
Naraoka, 2003; Sachse et al., 2004; Sauer et al., 2001; Smith & Freeman, 2006; Yang & 325 
Leng, 2009). In more temperate regions, precipitation δD values are more strongly 326 
controlled by air temperature (Sachse et al., 2012). As such, leaf wax n-alkane δD values 327 
of plants in temperate regions will reflect this to a greater extent. Changes in sedimentary 328 
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n-alkane δD values in time-series records from more temperate regions are more likely to 329 
reflect variability in precipitation δD values as a function of temperature.  330 
 
2 Late Cenozoic global and Australian palaeo-environments 331 
2.1 Late Cenozoic expansion of C4 vegetation 332 
 Palaeo-ecological studies from widely separated geographic regions show that 333 
between 3 and 10 Ma (Fig. 3), there was a significant expansion of C4 vegetation 334 
worldwide (Polissar et al., 2019). Pollen and phytolith assemblage data from the same 335 
period suggest ecosystems underwent systematic vegetation shifts. In many regions, C3 336 
dominated closed canopy forest ecosystems were replaced by C3 open habitat grasslands, 337 
before proliferation of C4 dominated open savanna ecosystems (Edwards et al., 2010; 338 
Keeley & Rundel, 2005). In the region of the Indian sub-continent, ecosystem shifts 339 
beginning at ~ 7.4 Ma are observed in Siwalik Group sedimentary records. Palaeosol 340 
carbonate δ13C values cross a C3 dominated/C4 dominated threshold by ~5 Ma, with C4 341 
floodplain biomass inferred to have displaced earlier C3 dominated biomass (Barry et al., 342 
2002; Quade et al., 1989). Enamel apatite δ13C of Miocene fauna from this formation 343 
records C4 vegetation as a dietary component at 9.4 Ma (Morgan et al., 1994), while 344 
analysis of a sequence of ratite egg shells suggests that faunal diets comprised 345 
predominantly C4 vegetation by 4 Ma (Stern et al., 1994). Analysis of molecular fossil 346 
δ13C preserved in both terrestrial and marine sedimentary archives from the region suggest 347 
the onset of a shift toward C4 dominance between 6-8 Ma (Freeman & Colarusso, 2001). 348 
Horse tooth enamel bioapatite δ13C preserved in records of central North America as well 349 
as South America suggest C4 vegetation as a dietary component increased across the 350 
Miocene/Pliocene boundary (~4-6 Ma) (Cerling et al., 1997; Cerling et al., 1993; Jacobs et 351 
al., 1999; Stromberg, 2011; Willis & McElwain, 2002). Palaeosol carbonate δ13C values 352 
suggest increasing dominance of C4 vegetation beginning at ~7.3 Ma in north-west 353 
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Argentina (Latorre et al., 1997; Stromberg, 2011). In Africa, C4 vegetation became a 354 
primary dietary resource by ~6 Ma as evidenced by fossil tooth enamel increasingly 355 
enriched in 13C (Cerling et al., 1997; Morgan et al., 1994). δ13C values measured from leaf 356 
wax n-alkanoic acids in marine sediments off the Horn of Africa record an onset of C4 357 
expansion at 3.8 Ma, with the greatest variability occurring after 3.4 Ma (Feakins et al., 358 
2005; Stromberg, 2011). 13C enriched leaf wax n-alkanes in Arabian Sea sediments would 359 
suggest a marked increase in C4 biomass between 5.5 and 10 Ma (Huang et al., 2007; Uno 360 
et al., 2016). In Eurasia, herbivore tooth enamel records suggest replacement of a 361 
dominantly C3 vegetation food source at the Miocene/Pliocene boundary (~4-6 Ma) 362 
(Jacobs et al., 1999; Willis & McElwain, 2002). 363 
 
 
Figure 3. Compiled δ13C records derived from plant derived substrates illustrating a secular shift 
between ~5-10 Ma towards higher δ13C values indicating increased C4 dominance in various 
regions. Different x-axis scales reflect differences in isotope fractionation in various plant derived 
substrates. North American and South American records (Fox et al., 2018) are derived from soil 
carbonates, African and Indian sub-continent records (Dupont et al., 2013; Freeman & Colarusso, 
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2001; Hoetzel et al., 2013; Uno et al., 2016) are derived from leaf wax n-alkanes, and the Chinese 
record (Passey et al., 2009) is derived from a combination of herbivore tooth enamel and soil 
carbonates.  
 
 Australia is one place where we have little constraint on the expansion of C4 364 
vegetation. Australia has the highest proportional cover of C4 vegetation on Earth today 365 
(Murphy & Bowman, 2007; Still et al., 2003), with C4 taxa particularly dominant in arid 366 
and tropical to subtropical grasslands and savannas in northern Australia (Hattersley, 1983; 367 
Murphy & Bowman, 2007). There is evidence for significant vegetation change in central 368 
and northern Australia across the middle to late Miocene and into the Pliocene. Pollen 369 
assemblage records show dry woodland and chenopod shrub lands beginning to expand in 370 
central Australia from the late Miocene onwards, where more temperate to wet forest 371 
environments had previously dominated (Macphail, 1997; Martin, 2006). Rainforest 372 
decline is postulated to have begun during the Eocene in this region (Martin, 2006). During 373 
the Pliocene, the development of large-scale grasslands is recorded as increases in 374 
charcoal, grass and Asteraceae pollen and grass phytoliths in Australian terrestrial and 375 
marine sedimentary archives (Locker & Martini, 1986; Martin, 1990; Martin & McMinn, 376 
1993; Martin & McMinn, 1994; McMinn & Martin, 1992). Hypsodont wombats and high 377 
crowned kangaroos began to proliferate and diversify during this time, indicating that 378 
habitats suited to large scale grazing were beginning to appear (Couzens & Prideaux, 379 
2018).  380 
 
 In Australia, there is a lack of temporally continuous sedimentary records that 381 
cover this interval of time and preserve the required plant derived substrates to investigate 382 
C4 expansion. Most terrestrial geological successions of Miocene/Pliocene age that do 383 
preserve plant derived substrates in Australia are in the temperate eastern and south-eastern 384 
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regions of the continent, while sedimentary archives from the central and northern regions 385 
are mostly restricted to the Miocene. Other terrestrial sites consist of lake, swamp and 386 
fluvial sediments which are limited in their temporal continuity (Kershaw et al., 1994). In 387 
addition, age control of these sedimentary archives is often poor. This has hampered our 388 
ability to understand C4 vegetation expansion in a truly global context. Miocene/Pliocene 389 
marine sediment packages from off the coast of Australia do however preserve molecular 390 
fossil n-alkanes. These successions are much more temporally continuous and long, with 391 
strong bio-stratigraphic and palaeo-magnetic age control (Haq et al., 1990; Tang, 1992). A 392 
significant portion of the research undertaken in this thesis pertains to the measurement of 393 
δ13C from molecular fossil leaf wax n-alkanes in Australian marine records, and the 394 
development of a late Cenozoic photosynthetic pathway reconstruction for the Australian 395 
region.  396 
 
2.2 Environmental drivers for C4 expansion 397 
 Several drivers have been proposed for the expansion of C4 vegetation during the 398 
late Cenozoic across different geographic regions (Keeley & Rundel, 2003; Osborne, 399 
2008). C4 photosynthesis may have evolved as a response to decreasing atmospheric CO2 400 
concentration (pCO2) beginning as far back as the Cretaceous (Cerling et al., 1997; Cerling 401 
et al., 1993; Christin et al., 2008; Ehleringer et al., 1997; Vicentini et al., 2008). Evolution 402 
of the C4 photosynthetic pathway as a result of decreasing pCO2 has been postulated 403 
(Christin et al., 2008; Vicentini et al., 2008). Quantum yield studies have indicated that C4 404 
plants are favored over C3 plants in high growing season temperature environments where 405 
atmospheric CO2 levels are lower than 500 parts per million by volume (Cerling et al., 406 
1997). Still, other records based on independent proxies have suggested that atmospheric 407 
CO2 levels during the time interval of inferred C4 vegetation expansion were largely static 408 
(Osborne, 2008; Pagani et al., 1999; Pearson & Palmer, 2000; Royer et al., 2001). Recent 409 
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work, however, has refuted that notion, with analysis of fossil coccolithophores using 410 
isotope vital effects as a proxy for CO2 concentrations indicating decreasing atmospheric 411 
CO2 levels from ~7 to 5 Ma (Bolton et al., 2016; Bolton & Stoll, 2013). Even so, the 412 
asynchronous timing of C4 expansions globally indicates that decreased pCO2 cannot be 413 
the only driving factor for C4 proliferation. While changes in pCO2 have the potential to 414 
transform global vegetation states, the main control on vegetation state transformation is 415 
found to be dominated by regional differences in the timing and rates of change of 416 
temperature, rainfall amount, rainfall seasonality, and fire severity (Higgins & Scheiter, 417 
2012).  418 
 
 It is postulated that hydrological change in combination with other factors played a 419 
significant role in C4 ecosystem expansion globally. Various studies suggest changes in 420 
hydrological conditions across the period of C4 ecosystem expansion in different regions 421 
(Dupont et al., 2013; Huang et al., 2007; Pagani et al., 1999; Quade et al., 1995). Changing 422 
environmental conditions in eastern Asia as a consequence of the evolution of the East 423 
Asian monsoon phases beginning in the early Neogene would have resulted in 424 
environmental stresses for C3 plants and a competitive advantage for C4 vegetation (Jia et 425 
al., 2003). Increases in seasonality of aridity and precipitation over long time scales would 426 
have been advantageous to plants using C4 photosynthesis, due to their high water use 427 
efficiency (Pagani et al., 1999). Changing fire occurrence and intensity during the late 428 
Miocene and into the Pliocene (Bond, 2015; Karp et al., 2018; Keeley & Rundel, 2005) 429 
may have resulted from the development of more intense monsoon conditions with an 430 
increased emergence of wet and dry seasons. A strong wet season would have promoted 431 
growth of fuel, while long, hot dry seasons allowed that fuel to burn unabated. It is 432 
postulated that changes in fire regimes could have exacerbated the influence of 433 
hydrological change, as a function of the interplay between climate, vegetation and fire 434 
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feedbacks (Bond, 2015; Karp et al., 2018; Keeley & Rundel, 2005). In this context, the leaf 435 
wax n-alkane hydrogen isotope proxy system holds great potential for quantifying 436 
hydrological variability to better understand the extent to which C4 vegetation expansion 437 
was controlled by hydrological change. Quantifying this would have significant 438 
implications for our understanding of differences in ecosystem sensitivity to climate and 439 
environmental change across different regions. 440 
 
3 Thesis outline and research aims 441 
 The research chapters of the thesis are broadly structured as two groups. Research 442 
in the first group (chapters 2 and 3) was undertaken to fill knowledge gaps in leaf wax n-443 
alkane molecular and isotopic proxy systems. A major goal of this work was to provide 444 
new insights into how palaeo-environmental change is interpreted from the geological 445 
record using n-alkane molecular distributions and isotope geochemistry. The research aims 446 
to be addressed constitute the following: 447 
 
1. For a single species, do leaf wax n-alkane molecular distributions respond 448 
plastically to climate variability, or are they fixed for distinct climate regimes? 449 
2. How do carbon isotope ratios of different n-alkanes in lacustrine sediments reflect 450 
mixing of n-alkanes derived from terrestrial and aquatic vegetation? 451 
 
 In chapter two, I present a modern study that elucidates the scale at which n-alkane 452 
distributions respond to climate variability. Relationships between leaf wax n-alkane 453 
molecular distributions and water availability/temperature are quantified for individuals of 454 
Melaleuca quinquenervia across spatially variable climate conditions in Queensland, 455 
Australia. In addition, molecular distributions are measured for leaves of the same species 456 
collected periodically across an 11-year period in one location. The outcomes of this work 457 
33 
 
have significant implications for interpretations of climate variability from leaf wax n-458 
alkane distributions in sedimentary records, particularly for cases where n-alkanes can be 459 
isolated from single species.  460 
 
 Chapter three quantifies the impact that mixing of n-alkanes derived from terrestrial 461 
and aquatic vegetation has on the carbon isotope ratio of different n-alkane chain-lengths 462 
in a Pleistocene lacustrine sedimentary record from south-eastern Australia. Variable 463 
inputs of terrestrial vegetation and non-emergent aquatic macrophyte derived n-alkanes to 464 
a time-series lacustrine sedimentary record are estimated using an n-alkane molecular 465 
distribution metric. Relationships between these inputs and carbon isotope ratios of 466 
discrete leaf wax n-alkanes are quantified. Significant implications are found to exist for 467 
use of n-alkanes in palaeo-environmental reconstructions, with certain chain-lengths found 468 
to be more suited than others to reconstructing aspects of terrestrial vegetation from 469 
lacustrine sedimentary archives, particularly the proportion of photosynthetic pathway on 470 
the landscape.  471 
  
 The second group of research chapters (Chapters 4 and 5) aim to apply relatively 472 
well-constrained aspects of leaf wax n-alkane molecular and isotopic proxy systems to 473 
reconstruct aspects of Australia’s vegetation and climate during the late Cenozoic, with a 474 
focus on the timing and drivers of the expansion of C4 vegetation in the region. Here, the 475 
research aims to be addressed are: 476 
 
1. What was the timing of C4 vegetation expansion on the Australian continent? 477 
2. Was regional hydrology an important control on the expansion of C4 vegetation on 478 




 In chapter four, a record of leaf wax n-alkane carbon isotope ratios and molecular 480 
distributions is presented, along with fossil pollen assemblages, from a 10-million-year 481 
marine sedimentary record from off north-west Australia. These measurements are used to 482 
quantify changes in the proportion of C4 vegetation on the landscape through time, as well 483 
as estimate changes in vegetation structure (i.e. closed forests, open grasslands). This 484 
record elucidates the timing of C4 expansion on the Australian continent for the first time 485 
and proposes that hydrological change was a strong control on this ecological shift. 486 
 
 Chapter five presents a record of leaf wax n-alkane hydrogen isotope ratios derived 487 
from the same sediment core as in chapter four. In addition, an interpretive framework for 488 
this record is developed, based on a synthesis of modern precipitation δD data from 489 
northern Australia. Regional hydrology, with a focus on seasonality of precipitation, is 490 
reconstructed through the late Cenozoic. The record provides evidence for hydrological 491 
change being an important factor in the expansion of C4 vegetation in northern Australia 492 
during this time.  493 
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Chapter 2: Variation in leaf wax n-alkane characteristics with climate in 
the broad-leaved paperbark (Melaleuca quinquenervia)* 
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Keywords 1 




 In higher plants, leaf waxes provide a barrier to non-stomatal water loss, and their 5 
composition varies both between and within species. Characteristics of n-alkanes, a suite of 6 
ubiquitous compounds in these waxes, are thought to be influenced by the availability of 7 
water and the temperature in a plant’s growing environment. Longer n-alkane distributions 8 
with less variability in chain length are hypothesised to confer greater resistance to non-9 
stomatal water loss and thus are expected in higher abundance in desiccating 10 
environments. Relationships between the distribution of n-alkanes and both precipitation 11 
and temperature have previously been observed. Despite this, it is unclear whether n-12 
alkane chain length distributions vary plastically in response to climate, or whether they 13 
are fixed within populations in different climate settings. To better understand this, we 14 
examine the relationship between n-alkane characteristics of Melaleuca quinquenervia and 15 
both spatial and temporal climate variation. Across eastern Australia, we find that n-alkane 16 
homolog concentrations and distributions in leaves of M. quinquenervia do not vary with 17 
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climate where samples are proximate, even when climate shows significant variability. 18 
However, the concentration and distribution of n-alkane homologs do differ considerably 19 
between geographically separated populations in very different climate regimes. These 20 
results suggest n-alkane characteristics are not a plastic response to climate variability, and 21 
instead are likely fixed and could be driven by genetic differences between populations. 22 
This has important implications for the use of n-alkane characteristics as palaeo-23 
environmental proxies. 24 
 
1 Introduction 25 
 The leaf waxes of higher plants contain a mixture of long chain aliphatic n-alkyl 26 
derivatives (e.g., n-alkanes, n-alkanols, n-alkanoic acids), triterpenoids (Schuster et al., 27 
2016) and minor secondary metabolites (Eglinton et al., 1962; Eglinton and Hamilton, 28 
1967; Kunst and Samuels, 2003; Jetter et al., 2006; Schuster et al., 2016). Long chain n-29 
alkanes (C25–C35) are a ubiquitous component of leaf waxes, with their distribution in 30 
leaf wax typically displaying odd over even predominance of homologs with maxima at 31 
C27, C29 or C31 (Kunst and Samuels, 2003). A key function of leaf waxes is to reduce 32 
water loss through the cuticle (Riederer and Schreiber, 2001; Jetter and Riederer, 2016), 33 
with other roles including the reduction of solute leaching from inside cells and protection 34 
against UV-radiation damage (Koch and Ensikat, 2008). The prevailing mechanism for 35 
how leaf waxes reduce water loss through the cuticle is explained by the barrier membrane 36 
model (Riederer and Schneider, 1990; Reynhardt and Riederer, 1994; Riederer and 37 
Schreiber, 1995; Jetter and Riederer, 2016). In this model, leaf waxes form micro-38 
crystalline (crystallite) and unstructured (amorphous) zones, with alignment of 39 
hydrocarbon (i.e. n-alkane) backbones in crystallites creating impermeable zones in the 40 




It is hypothesised that the impermeability of the crystallites forces water to travel around 42 
them through a more amorphous matrix created by alicyclic compounds. This creates a 43 
lengthened transport pathway that increases the resistance of the cuticle to water passing 44 
through it (Riederer and Schneider, 1990; Reynhardt and Riederer, 1994; Riederer and 45 
Schreiber, 1995; Jetter and Riederer, 2016). A prediction of this model is that greater 46 
resistance to water loss is associated with greater concentrations of long-chain n-alkanes, 47 
as well as longer and more narrowly distributed n-alkane homologs i.e. low variability in 48 
constituent chain lengths. This would be advantageous to plants living in arid conditions 49 
(Riederer and Schneider, 1990; Riederer and Schreiber, 1995; Dodd et al., 1998; Dodd and 50 
Afzal-Rafii, 2000; Dodd and Poveda, 2003; Shepherd and Griffiths, 2006; Koch and 51 
Ensikat, 2008). 52 
 
 Modern calibration studies of n-alkanes in the context of climate from plants, soils 53 
and sediment have shown correlations between n-alkane characteristics and aridity (e.g., 54 
Vogts et al., 2009; Hoffman et al., 2013; Leider et al., 2013; Tipple and Pagani, 2013; Carr 55 
et al., 2014; Bush and McInerney, 2015). Moreover, major climate events in the past are 56 
associated with large shifts in n-alkane chain length distributions (e.g., Smith et al., 2007; 57 
Baczynski et al., 2016). Together, observations of modern and ancient systems 58 
demonstrate potential for n-alkanes preserved in the geological record to hold 59 
palaeoclimate information (Smith et al., 2007; Bush and McInerney, 2013; Hoffman et al., 60 
2013; Leider et al., 2013; Carr et al., 2014; Bush and McInerney, 2015; Baczynski et al., 61 
2016; Diefendorf and Freimuth, 2017). Even so, the interpretation of bulk plant wax n-62 





 Many modern climate calibration studies of n-alkanes in plants and surface 65 
sediments rely on ‘space-for-time’ substitution where variations in space are used to infer 66 
variations in time. This approach can limit the ability to perceive the responsiveness of the 67 
proxy to environmental change in modern systems (Pickett, 1989; Diefendorf and 68 
Freimuth, 2017). This is compounded in many cases by a lack of control on plant 69 
community turnover (e.g., Vogts et al., 2009; Hoffman et al., 2013; Carr et al., 2014; Bush 70 
and McInerney, 2015), with intrinsic differences in n-alkane production by different taxa 71 
having the potential to bias calibrations of n-alkane response to climate (Vogts et al., 2009; 72 
Diefendorf et al., 2011, 2015; Freeman and Pancost, 2014; Garcin et al., 2014; Diefendorf 73 
and Freimuth, 2017; Jansen and Wiesenberg, 2017; Howard et al., 2018). Complexities in 74 
plant wax n-alkane inputs to sediments are also inherent, with most sedimentary records 75 
likely representing a complex mixture of regionally and locally sourced leaf wax n-alkanes 76 
(Schefuss et al., 2003; Diefendorf et al., 2011; Freeman and Pancost, 2014; Garcin et al., 77 
2014; Rouillard et al., 2016; Diefendorf and Freimuth, 2017; Jansen and Wiesenberg, 78 
2017; Howard et al., 2018). This complexity and the biases imposed suggests a need for 79 
careful interpretation of bulk sedimentary leaf wax n-alkane records (Diefendorf et al., 80 
2011; Rouillard et al., 2016; Diefendorf and Freimuth, 2017; Jansen and Wiesenberg, 81 
2017; Howard et al., 2018). 82 
 
 These complexities can be minimised through the application of single-species 83 
calibrations to single-species leaf wax n-alkane records. Such single-species records are 84 
rare, but Holocene subfossil leaves of the species Melaleuca quinquenervia (Cav. S.T. 85 
Blake) are well preserved in lake sediments from south-east Queensland, Australia (Tibby 86 
et al., 2016; Barr et al., 2019). These types of records present an opportunity to better use 87 
plant wax n-alkanes to understand Holocene climate in a region that is particularly 88 
sensitive to changes in the El Niño–Southern Oscillation. There is uncertainty, however, in 89 
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whether relationships between leaf wax n-alkane characteristics and climate in a single 90 
species reflect plastic responses to short-term climate variability or whether they reflect 91 
potentially genetically fixed features of plants in different ambient climate conditions 92 
(Diefendorf et al., 2015; Bender et al., 2017). There is evidence to suggest that genetics 93 
plays a large role in n-alkane biosynthesis, and that there is potential for ecotypes of 94 
species, in terms of their n-alkane characteristics, to emerge where populations are 95 
geographically and climatically distinct (Schreiber and Riederer, 1996; Dodd et al., 1998; 96 
Dodd and Afzal-Rafii, 2000; Shepherd and Griffiths, 2006; Rajčević et al., 2014; 97 
Diefendorf et al., 2015). Confidently interpreting palaeoclimate from changes in n-alkane 98 
characteristics of sub-fossil leaves requires a better understanding of modern n-alkane 99 
characteristics in relation to climate.  100 
 
 In this study, we explore variation in n-alkane characteristics with climate of M. 101 
quinquenervia through time in one place as well as on large and small spatial climatic 102 
transects. We aim to provide unique insights into the responsiveness of n-alkane 103 
characteristics to climate within a single species, thereby removing the effects of n-alkane 104 
production differences between plant groups, functional types and species. If n-alkane 105 
characteristics reflect a plastic response to short-term climate variability, then we expect to 106 
see significant correlation between climate and n-alkane characteristics of M. 107 
quinquenervia at all scales, both temporally and spatially. If, however, n-alkane 108 
characteristics reflect genetically fixed features of ecotypes living in different ambient 109 
climates, we expect to observe distinct n-alkane characteristics in geographically and 110 
climatically distinct populations of M. quinquenervia. We measure leaf wax n-alkane 111 
characteristics of M. quinquenervia across variable precipitation and temperature 112 
conditions in three different sampling sets of living plants: (1) a time-series of 11 years at a 113 
single site, (2) a south-east Queensland (SEQ) transect across ~150 km and (3) a cross-114 
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Queensland (QLD) sample set comparing SEQ with Cape York, that are separated by 115 
~1500 km (Fig. 1). 116 
 
 
Figure 1. A modified Köppen climate classification map of Australia (Peel et al., 2007) with extents 
of the (a) Cape York and (b) south-east Queensland sampling regions indicated. Time-series, SEQ 






2 Material and methods 117 
2.1 Study species 118 
 Melaleuca quinquenervia, the broad-leaved paperbark or five veined paperbark, is 119 
an evergreen tree of the family Myrtaceae that typically ranges in height in mature trees 120 
from 8 to 12 m, though smaller or larger trees are not uncommon (4–25 m) (Boland et al., 121 
2006). This species inhabits coastal areas and is associated with wetlands, with its native 122 
geographic range extending from southern New South Wales to Cape York within 123 
Australia and continuing into southern Papua New Guinea and New Caledonia. The 124 
species is naturalised in other regions, notably the southern United States of America 125 
(Ireland et al., 2002). In Australia, new leaf growth in this species begins in mid-winter and 126 
continues through to early summer (Serbesoff-King, 2003). The growing season for this 127 
species is therefore considered as the Austral winter and spring (June to November, 128 
inclusive). 129 
 
2.2 Study sites and sampling 130 
2.2.1 Time-series study 131 
 Long term sampling (11 years) for our time-series study was undertaken via a litter 132 
trap approach at Carbrook Wetlands (27.690 ºS, 153.276 ºE), a part of the Native Dog 133 
Creek catchment and the Logan River floodplain (Fig. 1). Approximately 164 ha of the 134 
wetland is comprised of M. quinquenervia forest (Greenway, 1994; Tibby et al., 2016). 135 
The sample collection area for our time-series study had a tree density of 2175 trees per ha, 136 
with a mean tree height of 18.6 m (±4 m, 1 standard deviation). The mean tree diameter at 137 
the site was 17.8 cm (±9 cm, 1 standard deviation). The tree density and the presence of 138 
leaves from species not overhanging the litter traps suggests leaves were integrated from 139 
many individuals in the sampling area. Litterfall was collected in a raised 0.25 m2 (0.5 m × 140 
0.5 m) tray in one area of Carbrook Wetlands, with leaf litter sampled approximately every 141 
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four weeks between April 1992 and July 2003 (Tibby et al., 2016). Leaf litter samples from 142 
45 collection periods were used in this study, with a temporal resolution of approximately 143 
three months. Nine leaves from each of the collection periods were selected and 144 
homogenised under liquid nitrogen in a ceramic mortar and pestle. 145 
 
2.2.2 South-east Queensland (SEQ) study 146 
 The SEQ study area is located in a humid subtropical climate zone (Fig. 1), as 147 
defined by the modified Köppen-Geiger climate classification (Peel et al., 2007). Sampling 148 
was undertaken at 21 sites across SEQ, with a cluster of small leaves (~15–20) from near 149 
the growing tip, assumed to be relatively young leaves, taken from one tree at each 150 
sampling site at a height of 1–2 m using pruning shears. Leaves were consistently taken 151 
from the northern side of trees in open sun to mitigate the influence of sun versus shade 152 
leaves (Suh and Diefendorf, 2018). From the cluster of leaves sampled, the nine smallest 153 
leaves were selected for homogenisation. After collection, leaves were stored in paper bags 154 
and subsequently oven dried at 50 ºC for 48 h, prior to homogenisation under liquid 155 
nitrogen in a ceramic mortar and pestle. 156 
 
2.2.3 Cross-Queensland (QLD) study 157 
 The QLD study area encompasses the SEQ study area, along with four other sites 158 
on the Cape York Peninsula in far-north Queensland, located in a tropical savanna climate 159 
zone (Peel et al., 2007) and ~1500 km from the SEQ sites (Fig. 1). These sites were chosen 160 
to be sampled because of their distinct climate compared to the SEQ sample set. Leaves 161 






2.3 Lipid extraction and purification 163 
2.3.1 Time-series 164 
 Total lipid extraction (TLE) of homogenised leaf samples from the time-series 165 
study was undertaken at Newcastle University, UK. The method used dichloromethane 166 
(DCM):methanol (MeOH) (3:1, v/v) and a CEM MARS 5 microwave system that heated 167 
samples to 70 ºC over 5 min, holding them at 70 ºC for 5 min and then allowing them to 168 
cool for 30 min. Excess solvent was removed from the TLE by evaporating under a stream 169 
of N2 (ultra-high purity; 99.999%). An internal standard of tetratriacontane was added to 170 
all samples, which were then passed through a preconditioned silica gel column (35–70 171 
mesh size), with the non-polar fraction eluted using n-hexane (grade >99.8%). The non-172 
polar fraction then underwent solid phase extraction using a Bond Elut SCX cartridge to 173 
separate saturated and unsaturated compounds.  174 
 
 n-Alkane (C18 to C33) concentrations were quantified using a HP 5890 Series 2 175 
Gas Chromatograph-Flame Ionization Detector (GC-FID) with a HP1 column (50 m × 0.32 176 
mm i.d. × 0.17 μm film thickness) with a flow rate of 2 mL/min of helium carrier gas. A 1 177 
μL aliquot of sample was injected using a temperature programme that increased the 178 
temperature from 50 ºC to 300 ºC at a rate of 6 ºC/min. Compounds were identified using a 179 
Thermo Finnigan Trace gas chromatograph–mass spectrometer (GC–MS) with a HP1 180 
column (50 m × 0.32 mm i.d. × 0.17 μm film thickness) with a flow rate of 2 mL/min in a 181 
helium carrier gas. A 1 μL aliquot of sample was injected into a programmable 182 
temperature vaporising injector system at 270 ºC in split-less mode with GC temperature 183 
ramped up from 50 ºC to 300 ºC at a rate of 6 ºC/min. Concentrations were normalised to 184 





2.3.2 Spatial studies: SEQ and QLD 186 
 Preparation of samples from SEQ and QLD took place at the University of 187 
Adelaide, Australia. Ground plant material from each sample was subjected to solvent 188 
extraction by being sonicated for 15 min in 7 mL of DCM:MeOH (9:1, v/v). The mixture 189 
was then decanted through ashed glass fibre filters. Sonication and filtration were 190 
conducted in triplicate on the same sample material, with extracts combined. Excess 191 
solvent was removed from the TLE by evaporating under a stream of N2 (ultra-high purity; 192 
99.999%). The total lipid extract (TLE) was fractionated using short column 193 
chromatography with ~0.5 g of activated silica gel (35–70 mesh size). The non-polar 194 
fraction, that included n-alkanes, was eluted with 4 mL of n-hexane (OptimaTM grade, 195 
Fisher Scientific), followed by elution of the polar fraction with 4 mL DCM:MeOH (1:1, 196 
v/v). The non-polar fraction was then evaporated under N2 and redissolved in 100 μL of n-197 
hexane spiked with 10 μg/mL of 1,1′- binaphthyl as internal standard. A quantitation 198 
standard was prepared by dilution of a Certified Reference Material (C7–C40 Saturated 199 
Alkanes Standard, Supelco 49452-U) to a concentration of 10 μg/mL and spiked with 10 200 
μg/mL of 1,1′- binaphthyl internal standard for concurrent analysis with the sample batch.  201 
 
 n-Alkane characterisation was undertaken using a Perkin Elmer Clarus 500 GC–202 
MS, with an SGE CPSil-5MS (30 m × 0.25 mm ID × 0.25 mm film thickness) capillary 203 
column with helium carrier gas with a flow rate of 1 mL/min. A 1 μL aliquot of sample 204 
was injected at a temperature of 300 ºC. The oven temperature program was 50 ºC, held for 205 
one min, prior to an 8 ºC/min ramp to 340 ºC and a final hold of 7.75 min. The mass 206 
spectrometer was scanned from 45 to 500 Da. Concentrations of n-alkane homologs from 207 
C25 to C33 were quantified using PerkinElmer TurboMass analytical software based on 208 
response factors of individual n-alkane homologs in the standard against the internal 209 
standard. The method was validated against a six-point linearity curve in triplicate with 210 
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reproducibility assessed by 10 times repeat injection (R2 > 0.98, ±3% reproducibility). 211 
Concentrations were normalised as per the time-series data. 212 
 
2.4 Time-averaged climate data 213 
 Climate data utilised in this study were derived from the SILO (Scientific 214 
Information for Land Owners) database (Jeffrey et al., 2001). Daily climate variables (total 215 
precipitation and maximum temperature) were interpolated for sample locations from daily 216 
climate observations at proximal observation sites using the Data-Drill system (Jeffrey et 217 
al., 2001). Growing season climate (June–November, inclusive) was calculated for both the 218 
temporal and spatial studies with a mean calculated for three full growing seasons prior to 219 
sample collection. Climate averages for three growing seasons were utilised for this study 220 
due to the leaf life span of the species – i.e. 2–4 years (Van et al., 2002) – and follows the 221 
approach of Tibby et al. (2016). Growing season precipitation at Carbrook Wetlands 222 
averaged for the three years prior to sample collection ranged from 280 mm to 543 mm, 223 
while maximum daily temperature averaged across the three previous growing seasons 224 
ranged from 22.8 ºC to 23.6 ºC. At SEQ sites, growing season precipitation ranged from 225 
269 mm to 558 mm, with growing season temperature ranging from 22.3 ºC to 24.5 ºC. 226 
Growing season precipitation for QLD sites, where Cape York sites were included, ranged 227 
from 89 mm to 558 mm, with growing season temperature ranging from 22.3 ºC to 33.2 ºC 228 

















Figure 2. Violin plots showing the range of (a) growing season precipitation and (b) growing 
season temperature for each of the time-series, SEQ and QLD aspects of the study. Black symbols 
represent the mean for each range. 
 
2.5 Leaf wax characteristic calculations and statistical analysis 230 
 Concentration, average chain length (ACL), Norm31 and dispersion were 231 
calculated for n-alkane chain lengths C25 to C33, inclusive. With the exception of 232 
concentration, all variables are dimensionless metrics of n-alkane distribution variability. 233 
ACL is the weighted mean of odd long-chain n-alkane concentrations and quantifies the 234 
dominant long chain n-alkane homolog in a sample (Bush and McInerney, 2013, 2015). 235 
Norm31 is the normalized ratio of the C31 n-alkane homolog to the C29 n-alkane homolog 236 
and is a parameter that is environmentally sensitive (Carr et al., 2014). Dispersion is a 237 
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measure of how narrowly distributed n-alkane chain lengths are around a mean (Dodd and 238 
Afzal-Rafii, 2000). Formulae for these metrics are as follows: 239 
ACL =  
∑(𝑛 × 𝐶𝑛)
∑(𝐶𝑛)
  1. 
 
where n is the odd carbon chain length and Cn is the concentration of the n-alkane with n 240 
carbon atoms (Bush and McInerney, 2015).  241 
Norm31 =  
𝐶31
𝐶29+ 𝐶31
  2. 
 
where C31 and C29 are the concentrations of those n-alkane homologs (Carr et al. 2014).  242 
Dispersion =  ∑[𝑝𝑛(𝑛 − ACL)
2]      3. 
 
where, n is n-alkane chain length and pn is the proportional concentration of that chain 243 
length relative to the total concentration of n-alkanes (Dodd and Afzal-Rafii, 2000).  244 
 
 We utilised redundancy analysis (RDA) in the ‘Vegan’ package (Oksanen et al., 245 
2017) in R (R Core Team, 2016) to determine the extent to which our environmental 246 
variables (rainfall and temperature) explain patterns in the proportional concentration of n-247 
alkanes (C25–C33) in the spatial studies. Redundancy analysis is a multivariate technique 248 
for examining species–environment relationships. It is equivalent to Principal Components 249 
Analysis with the important distinction being that the axes represent combinations of 250 
environmental variables (Lepš and Šmilauer, 2003). Redundancy analysis is an appropriate 251 
technique to use where the response of the objects (in this case the n-alkane characteristics) 252 
are linear in relation to the environmental variables. To determine whether a linear method 253 
was appropriate to use we undertook a detrended correspondence analysis in the ‘Vegan’ 254 
package in R (Oksanen et al., 2017), which showed the gradient length of the data set was 255 
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less than two, indicating linear-based RDA was an appropriate methodology (ter Braak and 256 
Prentice, 2004).  257 
 
 Statistical tests were utilised to determine the equality of variance between n-alkane 258 
characteristics from the SEQ and time-series studies, to compare variance through time at a 259 
single site and across space at a single time. The Shapiro-Wilk test in base R (R Core 260 
Team, 2016) was used to check for normality in the distributions of ACL, concentration, 261 
Norm31 and dispersion from each of the SEQ and time-series studies. In most cases, 262 
distributions were not normal; because of this it was decided to use Levene’s test to 263 
determine homogeneity of variance. This was undertaken using the ‘leveneTest’ function 264 
in the ‘Car’ package (Fox and Weisberg, 2011) in R (R Core Team, 2016). Lastly, we 265 
undertook a series of linear regressions between climate and leaf wax n-alkane 266 
characteristics using p < 0.05 as our measure of statistical significance. 267 
 
3 Results 268 
3.1 Time-series 269 
 For samples from the time-series study (Table 1), total concentration of n-alkanes 270 
(C25 to C33 summed) ranged from 47.1 to 1170 μg/g dry leaf (mean: 182; σ: 169). ACL 271 
minima and maxima were 28.9 and 30.2 (mean: 29.7; σ: 0.27). Norm31 ranged from 0.50 272 
to 0.77 (mean: 0.67; σ: 0.06). Dispersion varied between 2.4 and 5.6 (mean: 3.9; σ: 0.57). 273 
Total concentration, ACL and Norm 31 did not show statistically significant linear 274 
correlations with either of growing season precipitation or temperature (Fig. 3). Dispersion 275 
had a significant, though weak, linear correlation with growing season precipitation (R = 276 
0.33, p = 0.028) and no correlation with growing season temperature (Fig. 3). Note that 277 
absolute values of results from this aspect of the study cannot be directly compared with 278 
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the SEQ and QLD datasets below, as a result of different sampling strategies and n-alkane 279 
extraction methods used. 280 
 
Figure 3. n-Alkane characteristics and growing season precipitation (a, b, c, d) and growing 
season temperature (e, f, g, h) through time from Carbrook Wetlands. Results of linear regression 
modelling between each n-alkane characteristic and precipitation or temperature is indicated at the 
top right of each panel. The thin black line represents the n-alkane characteristic data series, while 








Table 1. Dates of sample collection, climate variables and leaf wax n-alkane characteristics for 







Mean daily growing 
season temperature 











24.4.92 284.4 23.1 29.7 250.6 0.7 3.9 
17.7.92 284.4 23.1 29.8 83.6 0.6 4.0 
9.10.92 284.4 23.1 29.9 103.7 0.7 3.5 
29.1.93 301.2 23.2 29.5 137.5 0.6 3.5 
23.4.93 301.2 23.2 30.1 297.0 0.7 3.2 
16.7.93 301.2 23.2 30.0 215.6 0.7 3.2 
9.10.93 301.2 23.2 29.4 120.1 0.5 3.8 
1.1.94 328.3 23.3 29.2 90.1 0.6 4.1 
17.6.94 328.3 23.3 29.7 193.5 0.7 3.7 
9.9.94 328.3 23.3 29.7 153.6 0.7 4.1 
30.12.94 280.5 23.1 30.2 422.3 0.7 2.9 
24.3.95 280.5 23.1 30.2 401.1 0.7 2.4 
16.6.95 280.5 23.1 29.9 233.0 0.7 3.5 
18.9.95 280.5 23.1 29.8 282.3 0.6 3.1 
1.12.95 341.7 23.2 29.8 174.7 0.7 4.0 
24.2.96 341.7 23.2 28.9 47.1 0.6 5.6 
18.5.96 341.7 23.2 30.0 1173.1 0.7 3.0 
10.8.96 341.7 23.2 29.5 122.2 0.7 4.3 
31.10.96 341.7 23.2 29.6 132.9 0.7 4.3 
24.1.97 337.9 23.3 29.4 129.6 0.5 3.8 
13.6.97 337.9 23.3 29.6 149.8 0.7 4.2 
7.9.97 337.9 23.3 29.5 129.1 0.6 4.0 
29.11.97 337.9 23.3 29.4 122.7 0.7 4.3 
21.2.98 409.1 23.2 29.8 193.0 0.8 4.5 
15.5.98 409.1 23.2 29.7 126.8 0.7 4.2 
9.8.98 409.1 23.2 29.6 109.1 0.7 4.6 
28.11.98 409.1 23.2 29.5 111.6 0.6 4.4 
20.2.99 382.4 23.1 29.9 156.2 0.7 3.9 
25.3.99 382.4 23.1 29.9 213.3 0.7 3.6 
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22.5.99 382.4 23.1 29.6 130.6 0.7 4.0 
11.8.99 382.4 23.1 29.4 109.8 0.7 5.0 
21.1.00 543.2 22.8 29.9 114.6 0.7 3.7 
16.4.00 543.2 22.8 29.5 158.9 0.7 4.7 
8.7.00 543.2 22.8 29.3 136.1 0.6 4.4 
29.9.00 543.2 22.8 29.3 78.2 0.6 4.3 
20.12.00 522.4 23.0 30.1 169.7 0.7 3.3 
18.3.01 522.4 23.0 29.5 112.9 0.7 4.4 
19.9.01 522.4 23.0 29.8 168.7 0.7 3.5 
19.12.01 512.0 23.1 29.5 108.3 0.6 3.7 
17.3.02 512.0 23.1 29.6 126.5 0.7 4.0 
16.6.02 512.0 23.1 29.5 115.0 0.6 4.4 
17.9.02 512.0 23.1 29.1 120.3 0.5 4.0 
20.12.02 360.8 23.6 29.7 138.4 0.7 4.3 
23.3.03 360.8 23.6 29.9 202.7 0.7 3.6 
20.6.03 360.8 23.6 29.7 138.6 0.7 3.7 
 
 
3.2 South-east Queensland (SEQ) 281 
 In samples from SEQ (Table 2), the total concentration of n-alkanes (C25 to C33 282 
summed) ranged from 2.9 to 287 μg/g dry leaf (mean: 34.5; σ: 59.7). ACL ranged from 283 
29.0 to 30.3 (mean: 29.7; σ: 0.32), and Norm31 from 0.52 to 0.81 (mean: 0.66; σ: 0.07). 284 
Values of dispersion varied from 1.0 to 6.2 (mean: 4.2; σ: 1.15). For SEQ sites, only 285 
Norm31 had statistically significant, but weak, linear correlations with both growing 286 
season precipitation and growing season temperature (R = -0.45, p = 0.043 and R = 0.45, p 287 
= 0.041, respectively) (Fig. 4). Redundancy analysis (Fig. S1 in Chapter 2 Appendix) 288 
indicated that variance in n-alkane characteristics of samples from SEQ sites was primarily 289 
explained by axis one (constrained to be a combination of the influence of growing season 290 
precipitation and temperature, and hence aridity), but the variance explained was low 291 
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(<10%). Axis 2 summarises the dominant hypothetical gradient unrelated to the measured 292 
variables and explained less than 1% of the variance. 293 
 
 
Figure 4. n-Alkane characteristics versus growing season precipitation (a, b, c, d) and growing 
season temperature (e, f, g, h) from our south-east Queensland study (SEQ), with summary 
statistics of linear regression modelling indicated. 
 
3.3 Cross-Queensland (QLD) 294 
 For samples from the QLD sites (Table 2), the summed concentration of the suite 295 
of n-alkane homologs from C25 to C33 ranged from 2.9 to 411 μg/g dry leaf (mean: 66.5; 296 
σ: 102). ACL ranged from 29 to 31.5 (mean: 29.9; σ: 0.65). Norm31 ranged from 0.52 to 297 
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0.94 (mean: 0.7; σ: 0.12). Values of dispersion varied from 1 to 6.2 (mean: 3.7; σ: 1.43). 298 
Redundancy analysis on spatial data across QLD sites (Fig. S2 in Chapter 2 Appendix) 299 
showed that 44% of variance in the n-alkane characteristics was explained by axis one, 300 
with this axis representing aridity. Axis 2, which summarises the dominant hypothetical 301 
gradient unrelated to the measured variables, explained less than 1% of the variance. 302 
Concentration, ACL, Norm31 and dispersion all displayed strong correlations with 303 
growing season precipitation (R = -0.61, p = 0.001; R = -0.78, p < 0.001; R = -0.8, p < 304 
0.001; R = 0.64, p < 0.001; respectively), and growing season temperature (R = 0.62, p < 305 
0.001; R = 0.86, p < 0.001; R = 0.83, p < 0.001; R = -0.68, p < 0.001; respectively) (Fig. 306 
5). When the Cape York samples (samples CY1, 2, 3, 4) in this aspect of the study are 307 
considered alone, no significant linear correlations between n-alkane characteristics and 308 




Figure 5. n-Alkane characteristics versus growing season precipitation (a, b, c, d) and growing 
season temperature (e, f, g, h) from the cross-Queensland study (QLD). Open symbols indicate 
samples from SEQ study, with closed symbols representing Cape York samples augmenting the 
SEQ data. Summary statistics from linear regressions (correlation coefficient and p-value) are 










Table 2. Geographic locations, climate variables and leaf wax n-alkane characteristics for samples 
















dry leaf, C25-C33) Norm31 
Dispersion 
(C25-C33) 
G1a 153.1 27.7 348.1 23.6 30.3 286.8 0.8 2.7 
G2a 153.2 27.7 355.4 24.3 29.4 2.9 0.7 4.7 
G3a 153.3 27.7 352.5 24.2 30.2 3.6 0.6 1.0 
G4a 153.3 27.6 392.0 23.9 30.1 36.4 0.7 2.5 
G5a 153.3 27.5 366.9 23.6 29.7 49.1 0.7 3.8 
G6a 153.1 26.8 452.0 23.9 29.8 12.2 0.7 4.2 
G7a 153.0 26.8 393.6 23.8 29.4 6.7 0.7 4.8 
G8a 153.0 26.9 381.0 22.3 29.2 8.9 0.6 5.4 
G9a 152.9 27.0 289.2 24.4 29.5 41.6 0.6 4.5 
G10a 153.2 27.1 348.1 23.6 29.7 5.2 0.7 4.6 
J1a 153.1 27.6 268.9 24.3 30.1 22.8 0.8 3.9 
J2a 152.9 27.6 303.7 24.5 29.7 37.3 0.7 4.0 
J3a 153.0 27.7 309.4 24.4 29.6 35.5 0.7 5.0 
J4a 153.0 26.7 408.3 24.3 29.7 23.9 0.7 4.5 
J5a 153.0 26.3 329.2 24.2 29.8 19.9 0.7 4.0 
J6a 153.1 26.4 409.2 23.8 29.5 14.2 0.6 4.9 
J7a 153.1 26.5 442.3 23.8 29.7 29.2 0.6 4.0 
WL1a 153.4 27.4 557.5 22.8 29.0 2.9 0.6 6.2 
WL2a 153.4 27.4 557.5 22.8 29.5 33.2 0.7 4.2 
SL1a 153.5 27.5 552.0 22.5 30.0 42.9 0.7 2.9 
BL1a 153.4 27.5 552.0 22.5 29.5 8.3 0.5 5.6 
CY1a 141.7 14.8 88.8 31.6 31.2 185.4 0.9 1.4 
CY2a 144.5 15.6 139.2 28.5 31.5 411.0 0.9 1.4 
CY3a 144.1 14.8 117.6 30.9 31.0 132.9 0.9 2.1 
CY4a 145.2 15.5 108.1 33.2 31.2 209.8 0.9 1.4 
 
 
3.4 Levene’s test of homogeneity of variance (SEQ and time-series) 310 
 Comparison of variance between the SEQ and time-series studies using Levene’s 311 
test resulted in p-values for the n-alkane characteristics ACL, concentration and Norm31 of 312 
0.71, 0.21 and 0.64, respectively. As such, homogeneity of variance of these n-alkane 313 
characteristics exists between the SEQ and time-series studies. Comparison of n-alkane 314 
dispersion variance between the SEQ and time-series studies using Levene’s test resulted 315 




4 Discussion 317 
 We measured n-alkane characteristics of modern M. quinquenervia leaves in a 11 318 
year time-series, as well as across small- and large-scale climate transects, to explore the 319 
potential for calibration of these characteristics for novel single species palaeoclimatic 320 
reconstructions in south-east Queensland (Tibby et al., 2016; Barr et al., 2019). The single 321 
species approach undertaken in this study controlled for intrinsic differences in n-alkane 322 
production within plant communities that have the potential to significantly bias modern n-323 
alkane characteristic-climate calibrations (Vogts et al., 2009; Diefendorf et al., 2011, 2015; 324 
Carr et al., 2014; Freeman and Pancost, 2014; Garcin et al., 2014; Diefendorf and 325 
Freimuth, 2017; Jansen and Wiesenberg, 2017; Howard et al., 2018). This was crucial for 326 
assessment of n-alkane characteristic responsiveness to climate, and to constrain whether 327 
leaf wax n-alkane characteristics in M. quinquenervia reflect plastic responses to short-328 
term climate changes or whether they reflect fixed traits associated with different ambient 329 
climate conditions (Bender et al., 2017). 330 
 
 Most n-alkane characteristics of M. quinquenervia (concentration, ACL, Norm31) 331 
did not respond plastically to climate variability in the 11-year time-series from Carbrook 332 
Wetlands (Fig. 3). In the smaller regional sample set of south-east Queensland (SEQ) 333 
concentration, ACL, and dispersion are also not significantly correlated with climate (Fig. 334 
4). Similarly, n-alkane characteristics of samples from the Cape York region, when 335 
considered alone as a regional sample set, do not correlate with climate, although the 336 
sample size is small (Fig. 5). 337 
 
 Concentration, ACL and Norm31 displayed homogenous variance between the 338 
time-series and SEQ datasets, suggesting that variation in these characteristics at the site 339 
level is as large as at the regional level. While most of the variation in the temporal and 340 
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SEQ data is not explained by climate, weak correlations were observed between dispersion 341 
and precipitation in the time-series as well as between Norm31 and both climate variables 342 
in SEQ. Therefore, overall n-alkane characteristics are unresponsive or only weakly 343 
responsive to climate variability in a plastic sense when examined in a time-series at one 344 
location, and across relatively small distances (~150 km). This lack of responsiveness of n-345 
alkane characteristics to climate in the time-series and SEQ could be influenced by 346 
hydrological buffering in the wetland habitat of this species (Ireland et al., 2002). 347 
However, carbon isotope ratios of leaves from this same time-series show strong 348 
correlations with rainfall through the impact of water stress on carbon isotope fractionation 349 
(Tibby et al., 2016). The carbon isotope data demonstrates that these trees are sensitive to 350 
climatic fluctuations through time. Therefore, the lack of response in n-alkane 351 
characteristics observed here indicates a lack of plasticity. 352 
 
 In contrast, the QLD data show significant linear relationships between climate and 353 
all n-alkane characteristics measured. The linear relationships observed are largely a 354 
function of the addition of Cape York samples from sites with markedly lower growing 355 
season precipitation and higher growing season temperature than sites in SEQ. These 356 
samples display distinctly higher concentration, ACL, Norm31 and lower dispersion than 357 
samples from SEQ, and this is suggestive of two broad distinct groups of M. quinquenervia 358 
in terms of their n-alkane production. The assertion of geographic groupings of n-alkane 359 
characteristics in M. quinquenervia is further supported by redundancy analysis of samples 360 
from SEQ and QLD (Figs. S1 and S2 in Chapter 2 Appendix). When Cape York samples 361 
are included in the redundancy analysis, 44% of variance in n-alkane characteristics can be 362 




 The observations in the QLD aspect of the study are consistent with the functional 364 
role of leaf wax n-alkanes proposed by the barrier membrane model (Riederer and 365 
Schneider, 1990; Reynhardt and Riederer, 1994; Riederer and Schreiber, 1995; Jetter and 366 
Riederer, 2016). More abundant, longer and more narrowly distributed n-alkanes are 367 
observed at sites with lower growing season rainfall and higher temperatures, where 368 
mitigating non-stomatal water loss would be critical. Similar positive correlations have 369 
been observed between ACL and growing season temperature in a study that examined 370 
within-species variation in Acer rubrum and Juniperus virginiana from a spatial transect in 371 
North America (Tipple and Pagani, 2013).  372 
 
 Taken together, the data suggest that leaf wax n-alkane characteristics of M. 373 
quinquenervia do not respond plastically to climate, but instead appear fixed. Yet, n-alkane 374 
characteristics differ between south-east Queensland and Cape York in ways that are 375 
consistent with the barrier-membrane model. These fixed differences could reflect natural 376 
selection for less permeable cuticles in more arid regions. A number of studies have 377 
interpreted differences in n-alkane production in plants as a result of adaptation to different 378 
climates of populations of a single species, rather than a plastic response (Dodd et al., 379 
1998; Dodd and Afzal-Rafii, 2000; Dodd and Poveda, 2003; Rajčević et al., 2014). 380 
Greenhouse and common garden experiments indicate that leaf wax compound profiles 381 
reflect genetic determination more strongly than short-term environmental influence 382 
(Gosney et al., 2016; Bender et al., 2017). To demonstrate that leaf wax n-alkane 383 
characteristics in M. quinquenervia are fixed through genetic control requires further 384 
research (e.g., genetic sequencing, common garden experiments). However, the evidence is 385 





 The results of this study have implications for approaches using n-alkane 388 
abundance and distributions for palaeoclimatic reconstructions. Any changes in n-alkane 389 
characteristics of sub-fossil leaves of M. quinquenervia would likely not reflect plastic 390 
responses to small-scale variations in climate, but instead could represent much larger and 391 
longer sustained climatological shifts. This distinction has important ramifications for the 392 
interpretation of n-alkane characteristics as a proxy for variation in climate through time, 393 
particularly in the context of the scale of climatological shifts able to be perceived from 394 
geological records. 395 
 
5 Conclusions 396 
 Leaf wax n-alkane characteristics have been examined in leaves of Melaleuca 397 
quinquenervia on both spatial and temporal climate gradients. We observed weak or no 398 
correlation between both growing season precipitation and temperature and n-alkane 399 
characteristics in proximal samples from south-east Queensland and a time-series of one 400 
population, even though climate and n-alkane characteristics vary substantially in both 401 
cases. We observed longer and more narrowly distributed leaf wax n-alkanes in samples of 402 
M. quinquenervia from a markedly warmer and dryer growing season climate regime, 403 
which is consistent with the prevailing model for the function of leaf-wax n-alkanes in 404 
preventing water loss. We interpret our results as reflecting fixed responses to broad 405 
climate regimes as opposed to plastic responses to regional microclimate spatially and 406 
through time. These results have implications for interpreting n-alkane characteristics of 407 
sub-fossil leaves, with changes in these in sedimentary archives likely reflecting large 408 
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Figure S1. Redundancy analysis of sample n-alkane chain length distributions in the context of 
growing season precipitation and growing season temperature at sites in our south-east 




Figure S2. Redundancy analysis of sample n-alkane chain length distributions in the context of 
growing season precipitation and growing season temperature at sites in our cross-Queensland 
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Highlights 11 
• Lacustrine sediments incorporate mixed aquatic and terrestrial plant inputs. 12 
• Mixing may influence n-alkane δ13C values in lacustrine records. 13 
• Varying degrees of isotopic mixing are observed for different homologs. 14 
• Very long chain n-alkanes (≥ C31) show lowest degree of isotopic mixing. 15 
• Long-chain n-alkane δ13C values more robustly reflect photosynthetic pathway. 16 
 
Abstract 17 
 The carbon isotope ratio (δ13C) of plant derived organic carbon preserved in 18 
geological archives can be a valuable proxy for past vegetation. Changes in the abundance 19 
of C3 and C4 terrestrial vegetation on the landscape through time can be quantified from 20 
δ13C values of terrestrial plant derived carbon, as a result of mechanistic differences in CO2 21 
assimilation between these photosynthetic pathways. In certain sedimentary archives, 22 
however, plant derived carbon can be derived from complex mixtures of both terrestrial 23 
and aquatic vegetation. Non-emergent aquatic macrophytes (hereafter aquatic 24 
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macrophytes) are 13C enriched compared to C3 terrestrial plant sources. Mixing of 25 
terrestrial C3 and aquatic macrophyte sourced carbon integrated in sedimentary archives 26 
will result in sedimentary organic matter (OM) δ13C signatures that could be misinterpreted 27 
as shifts in the abundance of C3 and C4 vegetation. There is potential for this problem to 28 
be mitigated using leaf wax n-alkane compound specific δ13C measurements due to n-29 
alkane production differing between terrestrial vegetation and aquatic macrophytes. This 30 
however requires an increased understanding of how mixed inputs of terrestrial plant and 31 
aquatic macrophyte n-alkanes impacts δ13C values of different n-alkane homologs. This 32 
study quantifies carbon isotope mixing dynamics for discrete leaf wax n-alkane 33 
compounds as a function of mixing of n-alkanes derived from terrestrial vegetation and 34 
aquatic macrophytes. We first estimated contributions of terrestrial vegetation and aquatic 35 
macrophytes to a temporally and spatially integrated lacustrine sedimentary record. To do 36 
this, we used leaf wax n-alkane molecular distributions and calculated the metric 37 
proportion aquatic (Paq); the relative abundance of mid-chain n-alkanes to long-chain n-38 
alkanes. δ13C values of discrete n-alkane homologs were then measured and compared to 39 
Paq for each sample. We find that in lacustrine systems, δ
13C values of mid- and some long-40 
chain n-alkanes (C23-C29) are likely to be strongly impacted by mixing between C3 41 
terrestrial and non-emergent aquatic macrophyte-derived n-alkanes. In contrast, δ13C 42 
values of very long chain (C31, C35) n-alkanes integrated in sediments are found to be 43 
least affected by this isotopic mixing. In lacustrine geological archives where there is 44 
significant input of n-alkanes from aquatic macrophytes, δ13C values of the very long chain 45 
n-alkanes will provide the most robust quantification of n-alkane inputs from C3 and C4 46 
plants.  47 
 
Key words 48 




1 Introduction 50 
 δ13C values of plant derived carbon preserved in sedimentary archives hold great 51 
potential as a tool for reconstructing past vegetation dynamics (Diefendorf et al., 2011; 52 
Diefendorf and Freimuth, 2017). Mixing of inputs from terrestrial vegetation using 53 
different photosynthetic pathways will affect the δ13C signature of plant derived carbon in 54 
sedimentary record, as a result of C4 plants being enriched in 13C (Collister et al., 1994). 55 
However, another possible control on the δ13C signature of plant derived carbon in 56 
sediments is mixing of inputs from C3 terrestrial and non-emergent aquatic macrophytes 57 
(hereafter aquatic macrophytes) (Naafs et al., 2019). Aquatic macrophytes are generally 58 
enriched in 13C, as a result of complexity in the carbon assimilation pathway of these 59 
plants. Many aquatic macrophytes have evolved the ability to assimilate carbon from 60 
dissolved HCO3
-
 along with assimilation of CO2 during photosynthesis, with HCO3
- being 61 
more 13C enriched than CO2 by ~7-11 ‰ (Keeley, 1990). In addition, assimilation of 62 
carbon from CO2 by aquatic macrophytes is likely to be affected by the greater diffusional 63 
resistance of an aquatic compared to an aerial environment, influencing the δ13C signature 64 
of sedimentary n-alkanes derived from aquatic macrophytes (Keeley and Sandquist, 1992). 65 
As such, problems may arise in the interpretation of proportional changes in photosynthetic 66 
pathway from geological records where there is a significant contribution of plant derived 67 
carbon from aquatic macrophytes (Aichner et al., 2010; Liu and Liu, 2016).  68 
  
 There is potential for this problem to be overcome through measurement of δ13C 69 
values from cuticular leaf wax compounds preserved in geological archives (Mead et al., 70 
2005; Aichner et al., 2010). Among these organic compounds are highly recalcitrant and 71 
long-lived n-alkyl lipids including leaf wax n-alkanes (Eglinton and Logan, 1991; 72 
Diefendorf et al., 2011; Diefendorf and Freimuth, 2017). Mid- to long-chain (C21-C35) 73 
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leaf wax n-alkanes are biosynthesized by both terrestrial plants and aquatic macrophytes 74 
(Eglinton and Hamilton, 1967; Chikaraishi and Naraoka, 2003). There is however strong 75 
evidence to suggest variation in n-alkane distributions between these groups (Fig. 1). In 76 
general, terrestrial plants produce n-alkane distributions with long-chain (C29-C33) 77 
abundance maxima (Ficken et al., 2000; Chikaraishi and Naraoka, 2003; Bush and 78 
McInerney, 2013; Diefendorf and Freimuth, 2017). Conversely, aquatic macrophytes in 79 
lacustrine environments are found to produce n-alkane distributions with mid-chain (C21-80 
C25) abundance maxima (Ficken et al., 2000; Aichner et al., 2010; Gao et al., 2011) (Fig. 81 
1). Still, there is some crossover in n-alkane production between terrestrial plants and 82 
aquatic macrophytes (Liu and Liu, 2016; Pu et al., 2018). 83 
 
Figure 1. Individual n-alkane compounds as an average proportion of total n-alkane concentration 
(C21-C35) for non-emergent aquatic macrophytes (n = 58) and terrestrial plants (n = 383), 
illustrating the difference in dominant chain length production between these groups, with some 
crossover. Error bars reflect one standard deviation from the mean. Terrestrial plant data from 
Diefendorf and Freimuth (2017). non-emergent aquatic macrophyte data compiled from Aichner et 




 Total n-alkane production between terrestrial plants and aquatic macrophytes is 84 
found to be relatively similar on average (Fig. 2). As such, inputs to sedimentary records 85 
should be minimally biased by n-alkane production between these plant groups. The ratio 86 
of mid-chain (i.e. C23 and C25) to long-chain (i.e. C29 and C31) n-alkanes in sedimentary 87 
records can therefore be considered a robust proxy for quantifying the relative input of n-88 
alkanes from terrestrial and aquatic macrophyte sources. Ficken et al. (2000) designated 89 












Figure 2. Box and whisker plots showing total n-alkane concentration (C21-C35) for non-emergent 
aquatic macrophytes (n = 58) and terrestrial plants (n  = 383), illustrating similar total abundance of 
n-alkanes produced by each of the groups. Note, data is plotted on a logarithmic scale, with outliers 
indicated by black symbols. Terrestrial plant data from Diefendorf and Freimuth (2017), and non-
emergent aquatic macrophyte data compiled from Aichner et al. (2010) and Liu and Liu (2016). 
 
 The distinct molecular distributions and δ13C values of these different vegetation 91 
groups should result in different n-alkane homologs displaying different sensitivity to 92 
isotopic mixing in a sedimentary environment with mixed C3 terrestrial and aquatic 93 
95 
 
macrophyte derived n-alkane inputs. δ13C values of mid-chain (C23,C25) n-alkanes in a 94 
record of mixed inputs should predominantly reflect the aquatic macrophyte component. 95 
As such, mid-chain n-alkanes should be systematically enriched in 13C, even where C3 96 
terrestrial vegetation derived n-alkane inputs to the sediment are high. Conversely, it can 97 
be hypothesized that δ13C values of long-chain (C29-C35) n-alkanes will predominantly 98 
reflect C3 terrestrial vegetation inputs, with these homologs depleted in 13C even where 99 
aquatic macrophyte inputs are high. δ13C values of the C27 n-alkane should display the 100 
strongest isotopic mixing, given similar production by both aquatic macrophytes and C3 101 













Figure 3. Schematic of relationships between Paq and δ13C values for different n-alkane homologs 
in a lacustrine sedimentary record, given differences in molecular distribution between C3 
terrestrial plants and non-emergent aquatic macrophytes. Boxes indicate hypothetical end-
members for purely non-emergent aquatic macrophyte and purely C3 terrestrial vegetation inputs. 
 
 This study uses a Pleistocene lacustrine sedimentary record from south-eastern 103 
96 
 
Australia to test these hypotheses at a single site through time in a natural laboratory 104 
framework. Here, we estimate terrestrial aquatic macrophyte inputs using n-alkane 105 
molecular distributions (Paq). Values of δ
13C for discrete n-alkane homologs are quantified 106 
along with Paq estimates of varying contributions of terrestrial plants and aquatic 107 
macrophytes in order to elucidate the degrees of carbon isotopic mixing for different n-108 
alkane chain lengths.  109 
 
2 Materials and methods  110 
2.1 Site information 111 
 Garvoc palaeo-lake is a geomorphologically old volcanic maar crater  infilled with 112 
semi-lithified organic rich (>20%) clays, sands and tuff beds, located in Victoria, Australia 113 
(Kershaw, 1997; Kershaw et al., 2014). The site was rotary drilled in 1992-1993, with 114 
~100 m of sediment recovered (Kale Sniderman, pers. comm.). Fission track dating of 115 
zircons from volcanic tuff beds provided two preliminary ages of 840,000 ± 100,000 and 116 
930,000 ± 120,000, suggesting the record was likely deposited through the middle 117 








Figure 4. Map of study site Location of Garvoc palaeo-lake in Victoria, Australia (38o16’40.3” S, 
142o47’16.25” E) with a digital elevation model indicating the maar crater extent. (Commonwealth 
of Australia (Geoscience Australia), 2018). The yellow star indicates the site of core collection (Kale 
Sniderman, pers. comm.). 
 
2.2 Sample preparation 119 
 Thirty sample splits from the core were prepared for organic geochemical analysis. 120 
All utensils and apparatus that were in contact with samples during preparation were 121 
thoroughly cleaned or ashed (425 oC, 9hrs) between each sample. Cleaning consisted of 122 
washing with 10% Decon 90® in water followed by three rinses of reverse osmosis water, 123 
and three rinses each of methanol, dichloromethane (DCM) and n-hexane. Approximately 124 
0.5 cm of the outer surface of each sample was removed to minimize contamination. 125 
Samples were lyophilized in ashed borosilicate glass containers, before homogenization in 126 
a Retsch MM 400 ball mill (15 sec mill time at 30 Hz).  127 
 
 Total lipids were extracted from between 4.56 g and 16.51 g of sedimentary 128 
material (mean: 10 g) using a Thermo Scientific™ Dionex™ ASE™ 350. Samples 129 
underwent five cycles of solvent rinse (five minute static rinse with 9:1 DCM:methanol) 130 
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and purge (two minutes) at a temperature of 100 oC and a pressure of ~110 bar. Solvents 131 
were evaporated from the total lipid extract (TLE) at 50 oC under ultra-high purity 132 
(99.999%, BOC) nitrogen gas (N2) using a Biotage TurboVap® LV heated evaporator. For 133 
16 of the 30 samples, TLE was quantitatively diluted by mass to ensure that columns were 134 
not overloaded during compound separation. TLE was separated into three compound 135 
classes (aliphatic, ketone/ester and polar), by short column solid phase extraction through 136 
0.5 g of solvent cleaned and oven activated (100 oC, 24hrs) silica gel of 35 to 70 mesh size 137 
(Acros Organics; 240360010) using 4 mL each of n-hexane (F1), DCM (F2) and methanol 138 
(F3), respectively. A small amount of copper turnings was added to each aliphatic fraction 139 
(F1Cu) prior to separation of saturated and unsaturated aliphatic compounds to remove 140 
elemental sulfur. Saturated and unsaturated compounds in the aliphatic fraction were 141 
separated by short column solid phase extraction through 0.5 g of oven activated (100 oC, 142 
8hrs) silver nitrate (AgNO3) impregnated (10% w/w) silica gel of 230 mesh size (Sigma 143 
Aldrich; 248762-50G), using 4 mL of n-hexane and ethyl acetate, respectively. Prior to 144 
elution of samples, columns were rinsed with 4 mL n-hexane. Throughout dry packing, 145 
oven activation, and compound separation, AgNO3 short columns were wrapped in ashed 146 
aluminum foil and the laboratory lights were dimmed to prevent silver photooxidation 147 
(methodology after Uno et al., 2016). 148 
 
2.3 n-Alkane characterization and quantitation 149 
 n-Alkanes (C15 to C36) in the saturated aliphatic fraction were characterized and 150 
quantified on an Agilent 7890B GC with a 15m DB-5 HT column, coupled to an Agilent 151 
5977B MSD. Samples were dissolved in 100 µL n-hexane spiked with 10 µg mL-1 1-1’ 152 
binaphthyl as internal standard. Quantitation standards were prepared by dilution of a 153 
Certified Reference Material (C7-C40 Saturated Alkanes Standard, Supelco 49452-U) to a 154 
concentration of 10 µg mL-1 with 10 µg mL-1 1-1’ binaphthyl as internal standard for 155 
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concurrent analysis with the sample batch. A 1 μL aliquot of sample was injected and split 156 
at a 10:1 ratio to avoid column saturation. Total helium carrier gas flow across the run was 157 
at a rate of 14 mL min-1. Initial GC oven temperature was 50 oC, held for 1 min, prior to a 158 
temperature ramp of 10 oC min-1 to 320 oC, held for 7 min. Following a solvent delay of 159 
8.5 min, data was collected in full scan mode from 45 Da to 600 Da at a scan speed of 5 160 
scans sec-1. n-Alkane concentrations were quantitatively adjusted for any dilution that took 161 
place prior to short column solid phase extraction. The concentration of each compound in 162 
a sample is reported as the total mass of that compound per gram of sample that underwent 163 
lipid extraction.  164 
 
2.4 Calculation of n-alkane distribution indexes 165 
 Indexes of n-alkane distribution were calculated to examine the distribution of n-166 
alkanes in samples, including carbon preference index (CPI), average chain length (ACL), 167 
Norm33 and proportion aquatic (Paq). Carbon preference index (CPI) is the concentration 168 
weighted ratio of odd to even n-alkane chain lengths (C26-C36). It is utilized to quantify 169 
the source of long-chain n-alkanes (higher plant derived or other), as well as the possibility 170 
of post-depositional modification of n-alkanes in a sedimentary record, and is calculated as 171 
follows after Bray and Evans (1961):  172 
 
CPI = 0.5 [[
(C27 + C29 + … + C35)
(C26 + C28 + … + C34)
] + [
(C27 + C29 + … + C35)
(C28 + C30 + … + C36)
]] 
Where Cn is the total mass of a given compound in a sample. 173 
 
 Average chain length (ACL) is the concentration weighted mean of long-chain n-174 
alkanes (C27-C35), and is calculated as follows, after Bush and McInerney (2015): 175 
 
ACL = [(27 × C27) + (29 × C29) … + (35 × C35)]/[C27 + C29 + … + C35] 
100 
 
Where Cn is the total mass of a given compound in a sample.  176 
 
Norm33 is the normalized ratio of the concentration of the C33 to the C29 n-alkane 177 
homolog. Where CPI suggests a dominant higher plant source of long-chain n-alkanes in a 178 
sedimentary record, it is used as a proxy for the relative contributions of grass and tree leaf 179 
wax n-alkanes. Higher values indicate larger contributions of grass derived n-alkanes. It is 180 






Where Cn is the total mass of a given compound in a sample. 182 
 
Paq quantifies the relative contributions of aquatic macrophytes to terrestrial higher plant n-183 
alkanes to a sedimentary record. It is calculated as follows (Ficken et al., 2000): 184 
Paq = 
C23 + C25
C29 + C31 + C23 + C25 
 
 
Where Cn is the total mass of a given compound in a sample. 185 
 
2.5 Leaf wax n-alkane δ13C analysis 186 
 Carbon isotope ratios were measured with gas chromatography-isotope ratio mass 187 
spectrometry (GC-IRMS) using a Thermo Trace GC Ultra coupled to a Thermo Scientific 188 
Delta V Plus IRMS through a GC-C III interface at Northwestern University. For carbon 189 
isotope measurements, samples were dissolved in 90-150 μL of n-hexane and injected at a 190 
volume of between 3 and 7 μL into a PTV inlet. The inlet was held split-less at 65 ºC 191 
during injection, before being ramped to 330 ºC during the transfer phase. Samples were 192 
chromatographically separated on a ZB-MS5 column (10 m, 0.1 μm film thickness) using 193 
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helium carrier gas at a flow rate of 1.4 mL/min, with the oven ramped from 65 ºC to 330 194 
ºC at a rate of 6.3 ºC/min. GC effluent was combusted in a reactor consisting of two 195 
strands each of 0.1 mm copper, nickel and platinum wire in a 0.58mm fused silica capillary 196 
held at 940 ºC. Complete combustion of compounds was ensured with a trace O2 bleed. 197 
Samples were run in duplicate, and a standard mixture of n-alkanes with known δ13C 198 
values (A6; acquired from Arndt Schimmelmann, Indiana University) was injected every 199 
three samples at a volume of 1 μL for CO2 tank calibration. Linearity of δ
13C across the 200 
sample run was assessed by periodic injection of A6 in variable volume (0.6, 1, 2 and 4 201 
μL). Average δ13C values versus peak intensities of C21-C30 in A6 were used as 202 
correction factors for peaks within the range <12V. Compound specific δ13C values are 203 
reported to the Vee Pee Dee Belemnite (VPDB) scale. Reported n-alkane δ13C values are 204 
means of replicates, with associated standard deviations from the mean. 205 
 
3 Results 206 
3.1 n-Alkane quantification 207 
 n-Alkanes are abundant throughout the record, with the summed concentration of 208 
mid chain homologs (C23-C25) ranging from 0.098 to 9.31 μg/g dry sediment and that of 209 
long-chain n-alkane homologs (C27-C35) ranging from 0.54 to 41.93 μg/g dry sediment. 210 
Values of CPI are markedly high, ranging from 12.25 to 34.71, indicating a high odd-over-211 
even predominance of long-chain n-alkanes throughout the record. These values of CPI 212 
indicate a predominantly higher vegetation source of n-alkanes in this record, as opposed 213 
to petrogenic sources (Bray and Evans, 1961; Bush and McInerney, 2013). Values of ACL 214 
range from 29.16 to 31.5, while those of Norm33 range from 0.22 to 0.8, with both 215 
showing a generally decreasing pattern across the record. Values for Paq range from 0.051 216 





Figure 2. Garvoc palaeo-lake leaf wax n-alkane concentration and molecular distribution a) 
Summed concentration of C23 and C25 n-alkanes in samples, derived primarily from non-emergent 
aquatic macrophytes. b) Summed concentration of odd n-alkane homologs from C27 to C35 in 
samples, derived primarily from terrestrial higher plants. c) Carbon preference index indicating odd-
over-even predominance of n-alkanes, d) average chain length, e) normalized ratio of the C33 to 
the C29 n-alkane, and f) proportion aquatic. 
 
3.2 Leaf wax n-alkane δ13C  218 
 Leaf wax n-alkane δ13C measurements are reported for odd n-alkane homologs 219 
from C23-C35 (Fig. 3). δ13CC23 values range from -30.37 to -18.87‰, δ
13CC25 from -31.48 220 
to -19.69‰, δ13CC27 from -32.55 to -21.77‰, δ
13CC29 from -34.13 to -25.07‰, δ
13CC31 from 221 
-33.54 to -28.85‰, δ13CC33 from -34.11 to -31.07‰ and δ
13CC35 from -34.74 to -30.66‰. 222 





Figure 3. Depth series of δ13C values measured for a) C23, b) C25, c) C27, d) C29, e) C31, f) C33 
and g) C35 n-alkanes. Error bars reflect one standard deviation from the mean, and in many cases 
are smaller than the size of the symbol.  
 
3.3 Relationship between Paq and n-alkane δ13C 224 
 Statistically significant linear relationships between Paq and δ
13C values are 225 
observed for all n-alkanes analyzed except for C33 (Fig. 4, Table 1). The relationships 226 
between Paq and δ
13C values are strongest for the mid-chain n-alkanes chain lengths, 227 














Figure 4. Least-square linear regressions of Paq versus δ13C values of odd n-alkane homologs 
(C23-C35). Solid lines represent statistically significant linear correlation between variables, while 
dashed represents a linear correlation that is not statistically significant.  
 
 
Table 1. Correlation and least-square linear regression equations of relationships between Paq and 
each odd n-alkane homolog from C23-C35 in samples from Garvoc palaeo-lake.   
 
4 Discussion 229 
 n-Alkanes in lacustrine sediments can be derived from a complex mixture of 230 
terrestrial plants and aquatic macrophytes (Ficken et al., 2000; Aichner et al., 2010). C3 231 
terrestrial vegetation and aquatic macrophytes show distinct n-alkane molecular 232 
distributions and δ13C values (Keeley and Sandquist, 1992; Ficken et al., 2000; Liu and 233 
Liu, 2016). As such, mixing of n-alkanes derived from C3 terrestrial and aquatic 234 
 
Compound Correlation coefficient p-value Linear equation 
C23 0.73 <0.01 13x - 28.6 
C25 0.78 <0.01 13.9x - 30.2 
C27 0.84 <0.01 14.2x - 32.6 
C29 0.81 <0.01 8.6x - 34.2 
C31 0.61 <0.01 3.1x - 33.1 
C33 0.3 0.11 1.1x - 33.1 
C35 0.62 <0.01 3.6x - 34.1 
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macrophytes should theoretically result in different n-alkane homologs reflecting varying 235 
degrees of isotopic mixing (Aichner et al., 2010). There is potential for this isotopic mixing 236 
to be misinterpreted in palaeo-vegetation reconstructions as a C4 vegetation signal, due to 237 
aquatic macrophytes and C4 plants being similarly enriched in 13C. There has, however, 238 
been limited quantification of the degree to which this isotopic mixing varies across 239 
different n-alkane homologs in lake sediments, and whether specific n-alkanes are less 240 
likely to be impacted.  241 
 
 Here, we investigated the impact of mixing C3 terrestrial vegetation and aquatic 242 
macrophyte derived n-alkanes on δ13C values of discrete n-alkane compounds in a 243 
lacustrine sedimentary record. Because terrestrial C4 vegetation and aquatic macrophytes 244 
are observed to be similarly enriched in 13C (Keeley and Sandquist, 1992), a system that is 245 
dominated by C3 terrestrial vegetation inputs is required to test the hypotheses outlined. 246 
Terrestrial plant derived n-alkanes in this record appear to have been predominantly 247 
biosynthesized by vegetation using the C3 photosynthetic pathway. The longest chain 248 
length n-alkanes (C31, C33 and C35) in sediments of Garvoc palaeo-lake are all relatively 249 
depleted in 13C, suggesting predominantly C3 terrestrial plant inputs (Collister et al., 1994). 250 
This interpretation is supported by consistency in δ13C values for each of these n-alkane 251 
chain lengths. In a number of regions, grasses are found to produce higher proportions of 252 
longer chain lengths (C31, C33) than trees, which produce higher proportions of C29 253 
(Bliedtner et al., 2018; Howard et al., 2018). As a large proportion of C4 plant species are 254 
grasses (Edwards et al., 2010), longer chain-lengths should be more sensitive to the 255 
presence of C4 on the landscape than C29 (Andrae et al., 2018). If terrestrial C4 vegetation 256 
derived n-alkanes were a significant contributor to the Garvoc palaeo-lake record, C33 257 
should be substantially more enriched in 13C than C29. Here, this pattern of 13C enrichment 258 
is not observed. This interpretation is also reasonable given the location of the record, with 259 
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modern C4 plant abundance on the landscape minimal in south-eastern Australia 260 
(Hattersley, 1983; Murphy and Bowman, 2007; Andrae et al., 2018).  261 
 
 It was hypothesized that mid-chain n-alkanes would be consistently enriched in 13C 262 
throughout the record, even for periods when C3 terrestrial plants dominate the n-alkane 263 
input (low Paq), due to the dominant production of these homologs by aquatic macrophytes 264 
(Fig. 1). In contrast, long-chain (C29-C35) n-alkanes were hypothesized to be consistently 265 
depleted in 13C, even for periods of high aquatic macrophyte input (high Paq). δ
13C values 266 
of the C27 n-alkane were expected to display the strongest isotopic mixing, because of the 267 
similar production by both aquatic macrophytes and C3 terrestrial vegetation (Fig.1). The 268 
observed variations in carbon isotope ratios of n-alkanes in relation to Paq is found to be 269 
generally consistent with the hypotheses of the study. The long-chain n-alkanes (C31-C35) 270 
are depleted in 13C, even where inputs from aquatic macrophytes are high. However, the 271 
statistically significant linear correlations between Paq and δ
13C values for most of these 272 
chain-lengths (except for C33) suggests that there is a small degree of carbon isotope 273 
mixing of n-alkanes derived from aquatic macrophytes, even for the longest chain n-alkane 274 
homologs. The slopes of the linear relationships generally decrease as chain length 275 
increases, suggesting aquatic macrophyte sourced n-alkanes minimally impact on the 276 
isotopic signature of the longest chain n-alkanes (i.e. C31, C35). Additional impacts of 277 
climatological factors like water stress on δ13C variability of the long-chain n-alkanes 278 
cannot be discounted (Kohn, 2010), and could contribute to the observed variations in the 279 
longest chain-lengths. Though relatively stable, average chain length (ACL) and Norm33 280 
each show a slight decrease toward to upper part of the record. These results are likely to 281 
reflect an increase in terrestrial n-alkane inputs from trees relative to grasses (Howard et 282 
al., 2018). While non-woody C3 plants can be slightly more enriched in 13C than their 283 
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woody counterparts (Magill et al., 2013), there is little indication that variability in long-284 
chain n-alkane δ13C values are systematically influenced by this here (Fig. 3).  285 
 
 Carbon isotopic mixing between aquatic macrophyte and terrestrial vegetation 286 
sourced n-alkanes is observed to be most sensitive for the C27 homolog, as demonstrated 287 
by the steepest linear relationship between Paq and δ
13C values and highest correlation 288 
coefficient (Table 1). The high degree of carbon isotopic mixing for the C27 n-alkane 289 
supports our hypothesis, and reflects the significant production of this compound by both 290 
terrestrial plants and aquatic macrophytes (Aichner et al., 2010; Liu and Liu, 2016; 291 
Diefendorf and Freimuth, 2017). In contrast, the relatively steeply sloping linear 292 
relationship between Paq and values of δ
13CC29 is inconsistent with the C29 n-alkane being 293 
produced predominantly by C3 terrestrial vegetation (Ficken et al., 2000; Chikaraishi and 294 
Naraoka, 2003). Our results suggest that δ13CC29 values may reflect significant isotopic 295 
mixing between C3 terrestrial vegetation and aquatic macrophyte sources. Recent work has 296 
indicated the potential for significant production of the C29 n-alkane by aquatic 297 
macrophytes (Liu and Liu, 2016). Our results provide additional evidence that aquatic 298 
macrophyte contributions of C29 n-alkanes to lacustrine sedimentary records could be 299 
greater than previously estimated (e.g. Chikaraishi and Naraoka, 2003).  300 
 
 Linear correlations between Paq and δ
13C values of the mid-chain n-alkanes (C23, 301 
C25) are strong, statistically significant and show steep slopes. From this, a high degree of 302 
isotopic mixing between C3 terrestrial plant and aquatic macrophyte derived C23 and C25 303 
is interpreted. This is inconsistent with the hypothesis of mid-chain n-alkanes being 304 
systematically 13C enriched, even where aquatic macrophyte inputs are low. One 305 
explanation for this discrepancy is higher production of 13C depleted mid-chain n-alkanes 306 
by terrestrial vegetation than previous studies have suggested (Fig. 1). Recent work has 307 
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demonstrated that in some cases, higher terrestrial plants can produce n-alkane 308 
distributions with mid-chain abundance maxima (Diefendorf and Freimuth, 2017; Pu et al., 309 
2018; Struck et al., 2019). A lack of reporting of mid-chain n-alkane quantification from 310 
many studies examining terrestrial plant n-alkane distributions is likely to limit or bias our 311 
appreciation of this (Diefendorf and Freimuth, 2017). Another possible explanation for this 312 
discrepancy is variability in the carbon isotope ratios of dissolved inorganic carbon (DIC) 313 
related to variability in primary productivity, particularly by algae (Aichner et al., 2010). 314 
Periods of lower primary productivity in the lake are likely to create conditions of HCO3
- 315 
excess (Leng and Marshall, 2004; Aichner et al., 2010). In this scenario, the DIC pool from 316 
which aquatic plants assimilate carbon (comprised primarily of HCO3
-) will be relatively 317 
depleted in 13C, resulting in more negative values of δ13C for the mid-chain n-alkanes than 318 
for limiting conditions. More work is required to elucidate the exact mechanism for δ13C 319 
variability of the sedimentary mid-chain n-alkanes. If mid-chain n-alkane δ13C values 320 
strongly reflect DIC pool δ13C variability, then δ13C values of these homologs may prove 321 
an important tool for reconstructing primary productivity of lacustrine systems (Aichner et 322 
al., 2010; Castañeda and Schouten, 2011).  323 
 
 δ13C values of long-chain n-alkanes (C29-C35) preserved in geological archives are 324 
regularly used for reconstructing proportions of photosynthetic pathway on the landscape 325 
(Eglinton and Eglinton, 2008; Castañeda and Schouten, 2011). The results of this study 326 
suggest that in lacustrine geological archives, 13C enrichment observed for the C29 n-327 
alkane is likely to reflect both n-alkane contributions from aquatic macrophytes and from 328 
terrestrial vegetation. Our results affirm the observations of Aichner et al. (2010), and have 329 
implications for the use of compound specific δ13C values for vegetation reconstructions. 330 
In geological archives where significant input from aquatic macrophytes can be expected 331 
(e.g. lacustrine systems), care should be taken to assess the potential effects of mixing by 332 
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comparing δ13C values of different homologues with Paq, as done in this study. The 333 
practice of taking amount-weighted averages of n-alkane isotope data in lake records with 334 
mixed carbon sources is likely to obscure variable impacts of isotopic mixing on different 335 
chain-lengths and lead to spurious interpretations. Using δ13C values of only the longest 336 
chain sedimentary n-alkanes (≥ C31) should provide records with the least influence of 337 
aquatic vegetation and enable interpretation of changes in photosynthetic pathway 338 
abundance on the landscape. Building on previous work (Huang et al., 2004; Hou et al., 339 
2007; Gao et al., 2011), our results also demonstrate the potential for δD values of mid- 340 
and even some long-chain leaf wax n-alkanes to more strongly reflect lake water than 341 
precipitation. This has significant implications for the interpretation of changes in 342 
precipitation isotopes using leaf wax n-alkane δD from lacustrine geological archives, 343 
particularly in the context of the use of homologs like C27 and C29. It is worth noting that 344 
these results have limited implications for depositional settings where terrestrial vegetation 345 
derived n-alkane inputs dominate, such as marine sedimentary archives. Our results 346 
reaffirm the benefit of sedimentary compound specific isotope analysis as a tool for 347 
disentangling and reconstructing vegetation structure and climate from records with 348 
complex mixing of organic matter sources.  349 
 
5 Conclusions 350 
 Similar δ13C signatures are found between aquatic macrophyte and C4 derived OM. 351 
As a result, problems may arise in the interpretation of proportion of photosynthetic 352 
pathway on the landscape from OM δ13C values in records with significant aquatic 353 
macrophyte inputs. Because n-alkane distributions differ between aquatic macrophytes and 354 
terrestrial plants, compound specific δ13C values of n-alkanes hold potential for 355 
overcoming this issue. Here, we find δ13C values of most mid- and some long-chain n-356 
alkanes (C23-C29) in the lacustrine sediments of our record indicate significant degrees of 357 
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isotopic mixing between C3 terrestrial plant and aquatic macrophyte derived n-alkanes. 358 
However, δ13C values of mid-chain n-alkanes in lacustrine systems could also reflect 359 
variability in DIC pool δ13C values. δ13C values of the longest chain (≥ C31) n-alkanes 360 
biosynthesized by plants and integrated in sediments will be least affected by isotopic 361 
mixing between vegetation groups or DIC pool δ13C variability. These results have 362 
implications for the application of n-alkane compound specific δ13C measurements for 363 
reconstructing aspects of palaeo-vegetation and palaeo-climate. The use of the longest 364 
chain n-alkanes (≥ C31) preserved in lacustrine sedimentary records will provide the most 365 
robust reconstructions of terrestrial vegetation and climate, particularly proportions of 366 
photosynthetic pathway on the landscape and isotope ratios of precipitation.  367 
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Key points 1 
• Carbon isotope ratios of leaf waxes reveal the onset of C4 expansion during the late 2 
Pliocene in Australia, later than other geographic regions 3 
• Palynological analysis reveals increasingly open landscapes in the lead-up to C4 4 
expansion 5 
• Northern Australian monsoon initiation linked to East Asian winter monsoon 6 
intensification is hypothesized as a driver 7 
 
Abstract 8 
 Since the late Miocene, plants using the C4 photosynthetic pathway have increased 9 
to become major components of many tropical and subtropical ecosystems. However, the 10 
drivers for this expansion remain under debate, in part because of the varied histories of C4 11 
vegetation on different continents. Australia hosts the highest dominance of C4 vegetation 12 
of all continents, but little is known about the history of C4 vegetation there. Carbon 13 
isotope ratios of leaf waxes from scientific ocean drilling sediments off north-western 14 
Australia reveal the onset of Australian C4 expansion at ~3.5 Ma, later than in many other 15 
regions. Pollen analysis from the same sediments reveals increasingly open C3-dominated 16 
biomes preceding the shift to open C4-dominated biomes by several million years. We 17 
hypothesize that the development of a summer monsoon climate beginning in the late 18 
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Pliocene promoted a highly seasonal precipitation regime favorable to the expansion of C4 19 
vegetation. 20 
 
Plain language summary 21 
 This study documents for the first time that C4 vegetation initially expanded on the 22 
Australian continent in the late Pliocene, several million years later than in Asia, Africa, 23 
North America, and South America. The expansion of C4 plants displaced C3 open habitat 24 
vegetation. Understanding the timing and sequence of expansion of C4-dominated biomes 25 
enables us to better constrain the key environmental and evolutionary factors in their 26 
development and provides a basis for future conservation of these widespread and 27 
important biomes. 28 
 
1 Introduction 29 
 Vegetation utilizing the C4 photosynthetic pathway is an important component of 30 
modern ecosystems globally, comprising ~23% of global gross primary productivity (Still 31 
et al., 2003). Biomes dominated by C4 plants are mainly “open” habitats, that is, with 32 
sparse tree canopy density. Australia has the highest proportional area dominated by C4 33 
vegetation of all continents (Murphy & Bowman, 2007; Still et al., 2003). The majority of 34 
the continent is dominated by C4 rather than C3 grasses, and the relative abundance of C4 35 
species within grass communities is closely related to seasonal water availability (Murphy 36 
& Bowman, 2007). Survey data on modern Australian vegetation compiled in this study 37 
further support a close association between warm-season precipitation and C4 dominance 38 
(Figure 1 and Text S1.1 in Chapter 4 Appendix). Australian biomes with significant C4 39 
taxa include arid and tropical to subtropical grasslands and savannas, dominating in the 40 
north, and chenopod shrublands, dominating in the south (Hattersley, 1983; Leigh, 1994; 41 




 On many continents, C4 vegetation began to proliferate by the late Miocene, with 43 
this expansion recorded as shifts in carbon isotope ratios of plant-fixed carbon stored 44 
within a wide range of terrestrial and marine sediments and palaeosols, as well as in fossil 45 
tooth enamel (Cerling et al., 1997; Strömberg, 2011; Tipple & Pagani, 2007). C4 46 
expansion on these continents occurred as the final stage in what has been inferred as a 47 
stepwise progression of ecosystem transformation in which C3 forest transitioned to C3 48 
open landscapes, and then to C4 open landscapes (Cerling et al., 1997; Edwards et al., 49 
2010; Strömberg, 2011). Despite being the most C4-dominated continent today, little is 50 
known about the timing and pattern of C4 expansion in Australia. Evidence exists for open 51 
habitat vegetation increasing in abundance in the late Miocene (e.g., Locker & Martini, 52 
1986; Macphail, 1997; Martin, 2006; Martin & McMinn, 1994; Sniderman et al., 2016). 53 
However, it is unknown whether late Miocene Australian grasses and chenopods employed 54 
the C3 or C4 photosynthetic pathway. Reconstructing changes in the dominant 55 
photosynthetic pathway has been limited by the spatial and temporal discontinuity of 56 
Australian terrestrial geological records (Kershaw et al., 1994; Macphail, 1997).  57 
 
 In this paper, we present ~10 Myr records of leaf wax n-alkane carbon isotopes and 58 
pollen abundances from sediments of Ocean Drilling Program (ODP) Hole 763A (hereafter 59 
ODP 763A), off north-western Australia, to determine when, how, and why C4 vegetation 60 






Figure 1. Study site in the context of modern Australian C4 vegetation and climate. (a) Location of 
ODP 763A, with mapped Summer Rainfall Index (SRI) and surveyed percent C4 plant cover 
(Kattge et al., 2011; Lowrey, 2015; Osborne et al., 2014; White et al., 2012, see Text S1.1 in 
Chapter 4 Appendix for details). SRI calculated as the proportion of summer rainfall (December, 
January, and February) out of summed summer (December, January, and February) and winter 
(June, July, and August) rainfall (Australian Government Bureau of Meteorology, 2016). The arrows 
indicate modern dust transport pathways (Hesse & McTainsh, 2003). (b) The probability that C4 
vegetation is present for a given range of SRI based on survey data. 
 
2 Materials and methods 62 
2.1 ODP 763 sample preparation 63 
 Samples constitute 26 portions of foraminifera to nanno-fossil ooze or 64 
foraminifera-bearing nanno-fossil chalk (Haq et al., 1990) from ODP 763A (collected 65 
August 1988). To minimize contamination, 0.5 cm of all exposed faces of the samples was 66 
removed and all tools and equipment were thoroughly cleaned (washed with dilute Decon 67 
90® decontaminant solution followed by three rinses of reverse osmosis water, and three 68 
rinses each of methanol, dichloromethane [DCM], and n-hexane). Samples were 69 
lyophilized in ashed borosilicate glass containers, prior to homogenization using a mortar 70 
and pestle. Total lipids were extracted from 9.5 to 18.9 g of each sample (mean: 13.9 g) 71 
using a Thermo Scientific™ Dionex™ ASE™ 350. Samples underwent five cycles of 72 
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solvent rinse (5-min static rinse with 9:1 DCM:methanol) and purge (2 min) at a 73 
temperature of 100 °C and a pressure of ~11,000 kPa. Solvents were evaporated from the 74 
total lipid extract under N2 on a FlexiVap™ heated evaporator. Non-polar and polar 75 
components were separated by solid phase extraction through ~0.5 g of solvent-cleaned 76 
activated silica gel of 0.035 to 0.070 mm size using 4 mL of n-hexane and 4 mL 1:1 77 
DCM:methanol, respectively. Elemental sulfur was removed using copper shavings 78 
activated in hydrochloric acid. 79 
 
2.2 Biomarker quantitation and compound-specific carbon isotope analysis 80 
 n-Alkanes (C16 to C35) were characterized and quantified on a Perkin Elmer 81 
Clarus 580 gas chromatograph-mass spectrometer (GC-MS) fitted with a PE Elite 5MS 82 
capillary column. Samples were dissolved in 100 μL n-hexane with 1 μg/mL 1-1’ 83 
binaphthyl as internal standard. Quantitation standards were prepared by dilution of a 84 
Certified Reference Material (C7-C40 Saturated Alkanes Standard, Supelco 49452-U) with 85 
1-1’ binaphthyl as internal standard for concurrent analysis with the sample batch (see Text 86 
S1.2 in Chapter 4 Appendix for full GC-MS instrument setup specifications).  87 
 
 Compound-specific δ13C measurements were performed for n-alkanes (C25-C35) 88 
using a Thermo Delta V isotope ratio MS coupled to a Thermo Trace GC Ultra and Isolink 89 
through a ConFlo IV interface. Samples were injected into a PTV injector with 2 mm i.d. 90 
silicosteel liner packed with glass wool. The inlet was held splitless at 60 °C during 91 
injection and then ramped ballistically to 320 °C where it was held for 1.5 min during the 92 
transfer phase. Compounds were separated on an HP-5MS column (30 m length, 0.25 mm 93 
i.d., and 0.25 μm phase thickness) with a constant helium flow of 1.0 mL/min. The GC 94 
oven was held at 60 °C for 1.5 min, ramped at 15 °C/min to 150 °C and then at 4 °C/min to 95 
320 °C, and held for 10 min. The GC effluent was connected to a custom-made 96 
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combustion reactor consisting of 1 strand each of 0.1 mm nickel, copper, and platinum 97 
wires inside a 0.5 mm i.d. fused alumina tube held at 1000 °C. Continued oxidation and 98 
complete combustion of compounds were ensured with the introduction of a trickle of 1% 99 
O2 in helium. Water was removed from the combustion effluent with a custom-built 100 
cryotrap consisting of a 20-cm loop of 0.25 mm i.d. deactivated fused silica capillary 101 
immersed in an ethanol bath at -85 °C. The trap was periodically thawed and purged to 102 
prevent plugging from the buildup of ice. Standard mixtures of n-alkanes with known δ13C 103 
values (Mixes B4 and A5 purchased from Arndt Schimmelmann, Indiana University) were 104 
interspersed between sample measurements to calibrate the isotopic measurements. 105 
Measurement uncertainties (standard error of the mean), including both analytical 106 
uncertainty and uncertainty in realizing the Vienna Pee Dee Belemnite reporting scale, 107 
were calculated after Polissar and D’Andrea (2014). 108 
 
2.3 ODP 763A age model 109 
 Sample ages were calculated using linear interpolations between tie-points in an 110 
age-depth model established in Karas et al. (2011), complemented by palaeo-magnetic 111 
reversal event datum tie-points established in Tang (1992) and updated to Hilgen et al. 112 
(2012). See Data Set S4 in Chapter 4 Appendix. 113 
 
2.4 Adjustment for preindustrial atmospheric δ13C and modeling percent C4 114 
 The sedimentary n-alkane δ13C values were normalized to preindustrial 115 
atmospheric CO2 δ
13C by applying the offset between δ13C of atmospheric CO2 for a given 116 
sample age estimated from a 3 Myr moving average benthic foraminifera record and δ13C 117 
of atmospheric CO2 of -6.5‰ (Tipple et al., 2010; Uno et al., 2016). Fraction of C4 118 
vegetation was calculated from the carbon isotopic composition of C31 in the sediments 119 
using a linear two end-member mixing model incorporating the mean carbon isotopic 120 
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composition of C31 in a calibration set of modern C3 (n = 106) and C4 (n = 45) plants, 121 
also normalized to preindustrial atmospheric CO2 δ
13C of -6.5‰ (Garcin et al., 2014). The 122 
C31 alkane was used to minimize leaf wax production biases related to plant functional 123 
type (Garcin et al., 2014). 124 
 
2.5 Pollen 125 
 Fossil pollen was extracted from 12 sample splits using palynological methods 126 
adapted from Moore et al. (1991). Samples were digested in cold HCl, followed by 127 
treatment with hot 10% KOH, acetolysis (a 9:1 mixture of acetic anhydride and 128 
concentrated sulfuric acid), and overnight immersion in concentrated HF, followed by 129 
heavy liquid separation using a Na-polytungstate liquid of specific gravity 2.0 130 
(Munsterman & Kerstholt, 1996). The acid- and alkali-resistant residues were then 131 
dehydrated in ethanol and mounted on glass slides in glycerol. Pollen was counted along 132 
transects at 300X and 600X magnification on a Zeiss AxioScope A.1 with EC Plan 133 
Neofluar objectives, until at least 100 pollen grains were counted. Pollen was identified by 134 
comparison with modern reference collections and with images stored in the Australasian 135 
Pollen and Spore Atlas (APSA Members, 2007). 136 
 
3 Results 137 
3.1 Leaf wax n-alkane distributions and carbon isotope ratios 138 
 Sedimentary n-alkanes in samples from 8.8 to 1.0 Ma display unimodal homolog 139 
distributions, peaking at C29, C31, or C33, with a strong odd-over-even predominance 140 
(carbon preference index > 2; Data Set S1 in Chapter 4 Appendix) that is indicative of a 141 
higher plant origin (Bush & McInerney, 2013). The oldest sample, at 9.5 Ma, has a 142 
bimodal distribution with peaks at C26 and C29 and a weak odd-over-even predominance 143 
(carbon preference index < 2; Data Set S1 in Chapter 4 Appendix), suggestive of 144 
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petrogenic hydrocarbons from unknown sources that obscure plant-derived δ13C and chain-145 
length distributions. Thus, we disregard the oldest sample as it is likely not of terrestrial 146 
plant origin. The proportional abundance of C33 compared to C29 n-alkanes increases 147 
significantly throughout the record (Figure 2 and Data Set S1 in Chapter 4 Appendix). 148 
From 8.8 to 3.6 Ma, carbon isotope ratios of C29, C31, and C33 are stable with values 149 
indicative of predominantly C3 vegetation. Beginning at 3.5 Ma, δ13C values progressively 150 
increase, becoming more enriched in 13C (Figure 2 and Data Set S1 in Chapter 4 151 
Appendix). In addition, at 3.5 Ma, the δ13C values of C29, C31, and C33 n-alkanes begin 152 
to diverge, causing an increasing difference between δ13C values of C33 and C29 after that 153 
time (Figure 2 and Data Set S1 in Chapter  Appendix).  154 
 
 The fraction of the source vegetation that is C4 plants is estimated from the carbon 155 
isotopic composition of the sedimentary C31 n-alkane (Figures 2 and 3). Estimated C4 156 
fraction from 8.8 to 3.6 Ma is low, ranging from 9.2 
+27.5
−9.2
 % to 19.2 
+26.5
−19.2
 % (modern 157 
plant end-member 1-sigma calculation uncertainty). At ~3.5 Ma, the estimated C4 fraction 158 
begins progressively increasing, save for one sample at 2.8 Ma. Percent C4 reaches a 159 
maximum of 59.2 ± 22.4% at 1.0 Ma (Figures 2 and 3 and Data Set S1 in Chapter 4 160 
Appendix). It must be noted that the uncertainties in calculations of fraction C4 vegetation 161 
are likely overestimated, due to the geographically and climatically broad modern plant 162 
calibration set used (Garcin et al., 2014). Variability in the isotopic composition of the C31 163 
n-alkane in modern C3 and C4 plant end-members from any one region is likely to be less 164 




Figure 2. Organic geochemical and palynological data derived from sediments of ODP 763A. (a) 
Compound specific carbon isotope ratios of n-alkane homologs: C29 (blue), C31 (yellow), and C33 
(pink), with percent C4 based on the C31 homolog. The error bars represent plus and minus one 
standard error of the mean. (b) The difference between the carbon isotope ratio of C33 and that of 
C29. (c) Grouped pollen percentages indicating relative proportions of herbaceous, woody, and 
other taxa. (d) The proportional concentration of C33 relative to C29 + C33. 
 
3.2 Palynological results 166 
 Pollen analysis was undertaken on samples ranging in age from 6.8 to 1.0 Ma, and 167 
results are presented as a summary pollen percentage diagram (Figure 2). During the latest 168 
Miocene, Gyrostemonaceae, Casuarinaceae, Acacia, and Dodonaea are important 169 
components of the pollen sum. Poaceae, Asteraceae, and Eucalyptus pollen are also present 170 
in substantial proportions during the latest Miocene. Across the Miocene-Pliocene 171 
boundary, values of Gyrostemonaceae, Casuarinaceae, Acacia, and Dodonaea decline, 172 
while those for Restionaceae, indeterminate Myrtaceae pollen, Cyperaceae, and ferns 173 
(Polypodiaceae and Cyathea) increase steadily until collapsing at ~4.9 Ma. Poaceae, 174 
Asteraceae, and chenopods maintain steady or increasing values through the Early 175 
Pliocene. Around the early-late Pliocene boundary (3.5–3.6 Ma), the vegetation becomes 176 
strongly dominated by Poaceae and Asteraceae, with varying contributions from 177 
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Eucalyptus, Myrtaceae, and chenopods, which persists with little subsequent change for the 178 
remainder of the record (note, the full pollen data are presented in Figure S3 and Data Set 179 
S2 in Chapter 4 Appendix). 180 
 
4 Discussion and conclusions 181 
4.1 Pliocene expansion of C4 vegetation 182 
 The carbon isotope ratios of leaf wax n-alkanes begin to become enriched in 13C at 183 
~3.5 Ma (Figure 2) implying an expansion of C4 vegetation in north-western Australia. In 184 
addition, beginning at ~3.5 Ma, the δ13C of the C33 n-alkane becomes increasingly 185 
enriched in 13C compared to the other shorter chain lengths (Figure 2). Modern Australian 186 
grasses produce a higher proportion of C33 than trees or shrubs (Howard et al., 2018, 187 
Figure S2, Table S1, Text S1.3, and Data Set S3 in Chapter 4 Appendix). This pattern is 188 
mirrored in North America and Africa, where grasses have higher abundances of longer 189 
chain n-alkanes (C33 and C35) than trees that show higher abundances of shorter chain n-190 
alkanes (C27 and C29; Bush & McInerney, 2013; Garcin et al., 2014; Rommerskirchen et 191 
al., 2006; Vogts et al., 2009). C33 is therefore proposed to be more sensitive to the 192 
presence of C4 grasses on the landscape (Uno et al., 2016), while C29 is less influenced by 193 
grasses. Carbon-13 enrichment and the beginning of isotopic divergence between C29 and 194 
C33 in our sedimentary record at ~3.5 Ma mark the onset of the expansion of C4 195 
vegetation.  196 
 
 Phylogenetic evidence suggests that the moderately diverse C4 grass tribe 197 
Triodiinae, characteristic of central Australian arid vegetation today, radiated in the 198 
Australian interior during the late Miocene (Toon et al., 2015). Nonetheless, any late 199 
Miocene C4 vegetation must have been sparse, as it is not detectable in our C29 to C33 n-200 
alkane record. However, 13C enrichment of the C35 n-alkanes relative to C29, C31 and 201 
130 
 
C33 (Figure S1 in Chapter 4 Appendix) could be an indication of trace amounts of C4 202 
vegetation on the landscape prior to 3.5 Ma. The significant expansion in C4 vegetation 203 
beginning at 3.5 Ma indicated by the inflection in our carbon isotope record reflects 204 
widespread biologically productive C4 vegetation like that supported in the Australian 205 
monsoon tropics today (Williams et al., 2017). This timing postdates the onset of most C4 206 
expansions in Asia, Africa, North America, and South America, which occurred across the 207 
middle to late Miocene (Cerling et al., 1997; Dupont et al., 2013; Feakins et al., 2013; Fox 208 
et al., 2012; Fox & Koch, 2004; Ghosh et al., 2017; Hoetzel et al., 2013; MacFadden et al., 209 
1996; Passey et al., 2002; Passey et al., 2009; Quade & Cerling, 1995; Uno et al., 2016). 210 
 
4.2 Late Miocene/Early Pliocene opening of the landscape 211 
 Substantial Poaceae, Asteraceae, and Eucalyptus pollen suggest that north-west 212 
Australia was dominated by open woodland or shrubland in the latest Miocene. The 213 
prominence of Gyrostemonaceae and Casuarinaceae suggests that this vegetation may have 214 
had similarities to contemporaneous late Miocene open shrubland recorded on the 215 
Nullarbor Plain in the south of the continent, which was dominated palynologically by 216 
these two families (Sniderman et al., 2016). Increases in Restionaceae pollen percentages 217 
across the late Miocene/early Pliocene transition suggest an increase in effective 218 
precipitation, based on the preference of Restionaceae for seasonally moist wetland 219 
habitats (Briggs, 2001). Peaks in representation of Myrtaceae, Cyperaceae, and ferns are 220 
consistent with a peak in moisture at ~4.9 Ma, just before these taxa decline abruptly. 221 
Rising values of Poaceae, Asteraceae, and chenopod pollen during the early Pliocene imply 222 
the increasing dominance of very open vegetation, in which grass and chenopods were 223 
more important than previously. Increasing relative abundance of the C33 compared to 224 
C29 n-alkane homolog beginning between 7 and 6 Ma also suggests increasing 225 
contributions from grasses (Figure 2). Our carbon isotope record indicates that C4 226 
131 
 
vegetation did not begin to compose a significant fraction of the increasingly open 227 
landscape until ~3.5 Ma. From these data, we interpret an initial late Miocene expansion of 228 
C3 grasses and/or chenopods, followed by a shift to C4 grasses and/or chenopods near the 229 
early/late Pliocene boundary. Fossil marsupial tooth enamel isotope data showing mixed 230 
C3 and C4 diets from the bio-stratigraphically dated late Pliocene Chinchilla Sands of 231 
south-eastern Queensland are consistent with this timing (Montanari et al., 2013). We infer 232 
from our record a pattern of ecosystem changes on the Australian continent not dissimilar 233 
to other geographic regions (Edwards et al., 2010; Strömberg, 2011), though delayed by 234 
several million years. 235 
 
 
Figure 3. Australian record of C4 expansion in the context of contemporaneous climate records 
and interpretations. (a) Percent C4 reconstructed from the carbon isotope ratio of the C31 n-alkane 
homolog, with modern plant end-member 1-sigma calculation uncertainty shown as dashed black 
lines. (b) Mg/Ca sea surface temperature reconstruction from ODP 763A (the black line is a 15-
point simple moving average, calculated using the “TTR” package; Ulrich, 2018, in R; R Core 
Team, 2016). Data from Karas et al. (2011). (c) Mass accumulation rates from ODP Sites 885/886 
in the central North Pacific Ocean (Rea et al., 1993, 1998; Snoeckx et al., 1995), interpreted as 
increasing aeolian flux into sediments resulting from intensification of the East Asian winter 
monsoon (Data Set S5 in Chapter 4 Appendix, see Text S1.4 in Chapter 4 Appendix for methods 
used to calculate mass accumulation rate and to update timescale). (d) Arid (tan) and humid (blue) 
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intervals interpreted from potassium abundance in wireline logs from IODP U1463 and U1464 off 
north-west Australia (Christensen et al., 2017; Groeneveld et al., 2017). The dashed lines on all 
panels indicate approximate alignment between a SST change point at 3.44 Ma (Sniderman et al., 
2016), the increase observed in percent C4 at ~3.5 Ma, and increased aeolian dust flux into the 
central North Pacific Ocean. 
 
4.3 Drivers of late C4 expansion on the Australian continent 236 
 Environmental conditions that tend to promote C4 over C3 photosynthesis are low 237 
atmospheric pCO2, high temperature, aridity, warm-season precipitation, high irradiance, 238 
and fire (Ehleringer, 2005; Keeley & Bond, 2001; Knapp & Medina, 1999; Long, 1999). 239 
Decreased pCO2 has been postulated as a major control on the onset of C4 expansion 240 
globally (Cerling et al., 1993; Cerling et al., 1997; Ehleringer et al., 1991), with new 241 
developments in atmospheric pCO2 reconstruction suggesting a significant decrease 242 
through the late Miocene (Bolton et al., 2016; Mejía et al., 2017). However, heterogeneous 243 
timing of C4 expansion across the globe (Figure S4 in Chapter 4 Appendix) indicates that 244 
decreased pCO2 cannot be the only driving factor. This assertion is supported by models 245 
showing that while changes in pCO2 have the potential to transform global vegetation 246 
states, the timing of transformation will vary due to regional differences in the timing and 247 
rates of change of temperature, rainfall amount and seasonality, and fire severity (Higgins 248 
& Scheiter, 2012). We argue that the relative importance of pCO2 and environmental 249 
factors will likely vary by region.  250 
 
 The timing of the expansion of C4 vegetation documented here coincides closely 251 
with evidence for cooling and aridification in north-west Australia. Sea surface 252 
temperatures cool significantly in the region at 3.44 Ma (Karas et al., 2011; Sniderman et 253 
al., 2016; Figure 3), while at 3.3 Ma, there is evidence for the beginning of a transition 254 
from a humid to a more arid and/or more seasonal climate (Christensen et al., 2017; Figure 255 
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3). On the Nullarbor Plain, Sniderman et al. (2016) found no pollen in Pliocene 256 
speleothems younger than 3.4 Ma, suggesting that increasing aridity slowed speleothem 257 
growth after this time. The drivers of Australian aridification are debated; restriction of the 258 
Indonesian Throughflow (ITF) has been hypothesized as the driver of changes in 259 
precipitation in north-western Australia during the Pliocene (Christensen et al., 2017; 260 
Krebs et al., 2011). Krebs et al. (2011) simulated a constricted ITF based on Pliocene 261 
ocean bathymetry, finding that this could have caused a precipitation decrease of up to 262 
30% over the eastern Indian Ocean. Conversely, other modeling experiments have 263 
indicated that ITF restriction was not associated with a decrease in precipitation over the 264 
eastern Indian Ocean, nor was it associated with significant globally pervasive impact on 265 
climate (Brierley & Fedorov, 2016; Jochum et al., 2009). Regardless of the driver of late 266 
Pliocene aridification, there is also evidence for aridity in north-western Australia during 267 
the late Miocene, from ~16 to 6 Ma (Groeneveld et al., 2017), that did not lead to an 268 
expansion of C4 vegetation (Figure 3). This suggests that aridity by itself was not the 269 
primary driver of the Australian late Pliocene C4 expansion, an inference that is 270 
substantiated by globally inconsistent relationships between C4 plant distributions and 271 
modern climate (Sage et al., 1999).  272 
 
 Opening of the landscape, increased seasonality of precipitation, and increased 273 
incidence of fire are suggested to have played significant roles in promoting the expansion 274 
of C4 vegetation on other continents (Beerling & Osborne, 2006; Edwards et al., 2010; 275 
Osborne, 2008; Scheiter et al., 2012; Zhou et al., 2017). Our pollen record suggests that 276 
Australian vegetation structure was already open by the late Miocene/early Pliocene. Our 277 
record of C4 expansion also coincides very closely with evidence of increased east Asian 278 
dust flux into marine sediments, at ~3.5 Ma (Figure 3; Rea et al., 1993, 1998; Snoeckx et 279 
al., 1995), widely interpreted as marking the initial intensification of the East Asian winter 280 
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monsoon (EAWM) or Siberian High (An et al., 2001; Guo et al., 2004; Rea et al., 1998; 281 
Sun et al., 1998; Zheng et al., 2004). Controls governing the Australian monsoon over late 282 
Neogene to Quaternary timescales are complex (Z. Liu et al., 2003; Wyrwoll & Valdes, 283 
2003), but are dominated by two opposed influences: within-hemisphere insolation forcing 284 
(Wyrwoll et al., 2007; Wyrwoll & Valdes, 2003), that is comparatively weak because of 285 
the relatively small, low relief land surface of northern Australia; and remote forcing 286 
driven by cross-equatorial thermal and pressure gradients between Australia and East Asia 287 
(An, 2000). The persistence of an east Asian-Australian precipitation teleconnection, in 288 
which northern cooling leads to southward migration of the Intertropical Convergence 289 
Zone, has been indicated at a range of Quaternary timescales from centennial-millennial 290 
(Denniston et al., 2013; Eroglu et al., 2016) to orbital (Y. Liu et al., 2015) and has been 291 
observed in sedimentary records from the Holocene (Eroglu et al., 2016), the last 292 
deglaciation (Yancheva et al., 2007), and as far back as the mid-Pleistocene (Y. Liu et al., 293 
2015). The sensitivity of the cross-equatorial meridional circulation linking the EAWM 294 
and the Australian monsoon to orbital obliquity has been explored using climate model 295 
simulations (Shi et al., 2011).  296 
 
 The abrupt increase in the abundance of C4 plants at ~3.5 Ma is most easily 297 
explained as a vegetation response to the onset of the Australian monsoon regime. In this 298 
interpretation, the intensification of the EAWM (Figure S4 in Chapter 4 Appendix), itself 299 
thought to be related to ongoing late Cenozoic global cooling (Herbert et al., 2016; Ge et 300 
al., 2013; Lu et al., 2010; Raymo, 1994), for the first time pushed the Intertropical 301 
Convergence Zone far enough southward to develop a substantial summer monsoon in 302 
northern Australia, characterized by a strong seasonal precipitation contrast and potentially 303 
greater incidence of fire. The relatively late appearance of a distinctly monsoonal moisture 304 
regime in northern Australia may help to explain the Plio-Pleistocene evolution of animal 305 
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clades confined to the Australian monsoon tropics today that are nested within lineages 306 
more typical of inland, arid Australia (Laver et al., 2017; Nielsen et al., 2016). The 307 
establishment of this new climatic regime would have provided the ecological 308 
opportunities necessary for the expansion of C4 vegetation in Australia beginning at ~3.5 309 
Ma. This supports the hypothesis that the heterogeneous rise of C4 ecosystems globally 310 
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Introduction  595 
 This document consists of supporting information detailing methods used to 596 
generate supporting data used for interpretation of records. Supplementary figures are 597 
visual representations of either full datasets, or data used exclusively for interpretation 598 
purposes that does not warrant inclusion in the main text. This includes: isotope data of all 599 
n-alkane homologs, including those that are not ubiquitous throughout the record, and as 600 
such are not included in the main text figures; and pollen diagrams of all taxa individually, 601 
summarized in the main text figures. A supplementary table details Kolmogorov-Smirnoff 602 
statistical results from modern plant n-alkane distribution comparisons. Captions for full 603 
datasets are also included. 604 
 
Text S1. 605 
Text S1.1 Construction of C4 distribution map and C4 probability calculations 606 
 C4 proportion at sites across Australia was estimated based on vegetation surveys 607 
(n=521) undertaken by the Terrestrial Ecosystems Research Network (TERN) and made 608 
available through the TERN AEKOS data portal (www.aekos.org.au). The surveys were 609 
conducted following the Austplots Rangeland Survey Protocol in which vegetation 610 
occurrences are documented at each of 1010 survey point across a one hectare plot (White 611 
et al., 2012). Each species was assigned, when possible, to the C3, C4 or CAM 612 
photosynthetic pathway by cross-referencing species names in the Ausplots surveys with 613 
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those in several photosynthetic pathway databases; TRY (Kattge et al., 2011), Osborne et 614 
al. (2014) and Sevilleta LTER (Lowrey, 2015). Proportion C4 was calculated for a given 615 
site by dividing the C4 species’ occurrences by the total occurrences of C3 and C4 species. 616 
Taxa that could not be assigned a photosynthetic pathway were excluded from the 617 
calculations. Probability of the presence of C4 for a given Summer Rainfall Index (SRI) 618 
was calculated using this survey data. SRI was calculated as total summer precipitation 619 
(December, January, February) divided by the sum of summer (December, January 620 
February) and winter (June, July, August) precipitation, using Australian Bureau of 621 
Meteorology 1 km resolution gridded climate datasets (Australian Government Bureau of 622 
Meteorology, 2016) (Figure 1a). SRI values were extracted for each TERN site. Sites 623 
where any C4 was present were assigned a value of 1, and sites with no C4 assigned a 624 
value of 0. Sites were binned by SRI in intervals of 0.1, with the binary presence/absence 625 
values for a given bin averaged.  626 
 
Text S1.2 GC-MS specifications for sedimentary n-alkane characterization  627 
 Samples were injected into a PSS injector in split-less mode at an initial 628 
temperature and flow rate of 225 oC and 5 mL min-1 respectively. The injector was then 629 
ramped immediately to 325 oC (0.6 min hold). Flow rate was reduced to 1 mL min-1 with a 630 
split ratio of 30:1 at 0.5 min and increased to 3mL min-1 at a rate of 1mL min-1 after 32.4 631 
min, remaining at this rate until completion. Oven temperature was held for 1 min at 50 oC 632 
then ramped at 8 oC min-1 up to 310 oC and held for 16.5 minutes. Following a solvent 633 
delay (3.5 minutes), data was collected in full scan mode from 45Da to 500Da at 3 scans 634 






Text S1.3 Analysis of modern Australian plant n-alkanes 636 
 Quantitation of long-chain (C27 to C35) n-alkanes was undertaken on leaf waxes 637 
extracted from samples of plants collected in Australia by the Terrestrial Ecosystems 638 
Research Network (TERN). n-Alkanes were extracted using sonication in 9:1 639 
DCM:methanol, and purified using silica gel chromatography, with 4 mL of hexane 640 
followed by 4 mL of 1:1 DCM:methanol. The n-alkanes were characterized and quantified 641 
using the GC-MS methodology described above. The proportional abundance of each of 642 
the odd n-alkane homologs (C27-C35) was calculated. This data was subset based on broad 643 
plant growth habits (trees, shrubs (including forbs) and grasses). Distributions of n-alkane 644 
homologs for different plant growth habits were subject to two-sample Kolmogorov-645 
Smirnov (K-S) tests, conducted using base R (R Core Team, 2016), to assess the 646 
frequentist statistical significance of differences between these distributions. Please note 647 
that these methods and data are published in Howard et al., 2018.  648 
 
Text S1.4 Mass Accumulation Rate (MAR) Recalculations 649 
 MAR data from ODP cores 885A and 886B (Snoeckx et al., 1995) was recalculated 650 
based on updated palaeo-magnetic reversal event ages, with those from Rea et al. (1993) 651 
updated to Hilgen et al. (2012). These event ages were used as tie-points to create linearly 652 
interpolated age-depth models for each core. MAR was recalculated using sedimentation 653 
rates based on the updated age-depth models, as well as dry bulk density and weight 654 















Figure S1. Compound specific carbon isotope ratios of all n-alkane homologs measured (odd C25-
C35). Note that some carbon isotope ratios could not be measured in all samples due to either low 
abundance or co-elution with other compounds (those presented in the main text are ubiquitous 

























Figure S2. Odd n-alkane concentrations (C27-C35) as a proportion of the sum of total 













Figure S3. Complete pollen diagram showing proportional abundances of taxa and total pollen 




Figure S4. The timing of onsets of C4 expansion from different geographic regions, in the context 
of contemporaneous key global climate and environment changes. (a) Timing of onsets in order of 
oldest to youngest; Indian Siwaliks (Ghosh et al., 2017), East Africa (Uno et al., 2016), Pakistan 
Siwaliks (Quade & Cerling, 1995), South-Western Africa (Hoetzel et al., 2013), South Africa 
(Dupont et al., 2013), South America (Cerling et al., 1997; MacFadden et al., 1996), Western China 
(Passey et al., 2009), North America (Cerling et al., 1997; Passey et al., 2002), NW Australia (this 
study), Eastern China (Zhou et al., 2017). (b) Timings of significant climate and environmental 
changes that may have contributed to promoting the conditions necessary for C4 expansion on the 
Australian continent. Orange bars indicate periods of East Asian Winter monsoon (EAWM) and 
East Asian Summer monsoon (EASM) intensification (Rea et al., 1998; Snoeckx et al., 1995; Zhou 
et al., 2017). Grey and blue bars show periods of cooling, specifically the Late Miocene Cooling 












Kolmogorov-Smirnov D value 
  C27 Tree C27 Shrub C27 Grass 
C27 Tree   0.502 0.696 
C27 
Shrub 
0.502   0.326 
C27 
Grass 
0.696 0.326   
  C29 Tree C29 Shrub C29 Grass 
C29 Tree   0.333 0.646 
C29 
Shrub 
0.333   0.324 
C29 
Grass 
0.646 0.324   
  C31 Tree C31 Shrub C31 Grass 
C31 Tree   0.608 0.492 
C31 
Shrub 
0.608   0.186 
C31 
Grass 
0.492 0.186   
  C33 Tree C33 Shrub C33 Grass 
C33 Tree   0.436 0.719 
C33 
Shrub 
0.436   0.464 
C33 
Grass 
0.719 0.464   
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  C35 Tree C35 Shrub C35 Grass 
C35 Tree   0.187 0.465 
C35 
Shrub 
0.187   0.321 
C35 
Grass 
0.465 0.321   














Table S1. KS statistics for modern Australian vegetation n-alkane distribution comparisons 
(Howard et al., 2018). 
 
For supplementary Data Sets S1 through S5, the reader is directed to the online version of 656 
the article: https://doi.org/10.1029/2018GL077833 657 
 
Additionally, Data Sets S1 and S2 can be found archived with the PANGAEA Data 658 
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Key points 14 
• Late Cenozoic palaeo-hydrology of north-west Australia is quantified using leaf 15 
wax hydrogen isotopes from a marine sedimentary record. 16 
• Increasingly negative δD values of precipitation are observed since the late 17 
Pliocene in north-western Australia.  18 
• This coincides with the onset of C4 expansion in this region and suggests a 19 








 The asynchronous expansion of C4 vegetation during the late Cenozoic between 22 
different continents was likely the result of regionally differing interplay between climate 23 
and other environmental factors, including atmospheric CO2 concentration. The onset of 24 
C4 vegetation expansion in north-western Australia occurred several million years later 25 
than many other geographic regions, at ~3.5 Ma. In Australia today, C4 vegetation is 26 
prevalent in areas dominated by warm season precipitation, and previous work 27 
hypothesized that increased dominance of warm season precipitation may have been a 28 
strong regional tipping point for this ecological shift. Here, we measure sedimentary n-29 
alkane hydrogen isotope ratios (δDwax) from an Ocean Drilling Program core (ODP 763A) 30 
off north-western Australia to reconstruct precipitation dynamics across the interval of C4 31 
expansion in Australia. We observe increasingly negative leaf wax n-alkane δD values 32 
from ~4 Ma, and from this interpret an increase in warm season precipitation since the late 33 
Pliocene, despite a general trend towards progressive aridification in many regions of the 34 
Australian continent since this time. Our data finds that the expansion of C4 vegetation in 35 
north-western Australia since the late Pliocene was likely to have been strongly controlled 36 
by northern Australian hydrological change.  37 
 
1 Introduction 38 
1.1 Timing and drivers of C4 expansion 39 
 The expansion of ecosystems dominated by C4 vegetation is observed across much 40 
of the globe during the late Cenozoic through the 13C-enrichment of plant-fixed carbon 41 
preserved in marine and terrestrial sediments (Cerling et al., 1997; Stromberg, 2011; 42 
Tipple & Pagani, 2007). Expansion of C4 vegetation is argued to have been the final stage 43 
in a stepwise progression toward more open landscapes across this period of time, 44 
transitioning from C3 forests to C3 open-canopied vegetation and then finally C4 open-45 
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canopied vegetation (Edwards et al., 2010; Stromberg, 2011). The expansion of C4 46 
vegetation in Australia is recorded as 13C-enrichment of leaf wax n-alkane compounds 47 
preserved in marine sediments off the north-west coast, with an onset of expansion during 48 
the latest Pliocene (~3.5 Ma) (Andrae et al., 2018). In Africa and Asia, carbon isotope 49 
ratios of various plant derived substrates record an onset of C4 expansion between ~6-10 50 
Ma (Freeman & Colarusso, 2001; Polissar et al., 2019; Uno et al., 2016). In North and 51 
South America, this onset is recorded between 4-6 Ma (Cerling et al., 1997; Fox et al., 52 
2012; Passey et al., 2009). The relative asynchronicity in the global proliferation of these 53 
now widespread ecosystems has led to debate over the drivers of these major ecological 54 
changes (Edwards et al., 2010; Fox et al., 2018; Stromberg, 2011; Zhou et al., 2018). 55 
Decreasing atmospheric CO2 concentration (pCO2) across the late Cenozoic had been 56 
postulated as a dominant driver for C4 expansion globally (Cerling et al., 1997; Cerling et 57 
al., 1993; Ehleringer et al., 1991) due to the competitive advantage of C4 photosynthesis 58 
over C3 photosynthesis under low pCO2 conditions. However, the observed asynchronicity 59 
in the timing of onset of C4 expansions in different regions suggests that a global decrease 60 
in pCO2 was not the sole cause. Work using the adaptive Dynamic Global Vegetation 61 
Model (aDGVM) shows that while pCO2 changes have the potential to transform 62 
vegetation states, the timing of vegetation shifts globally is likely to be strongly influenced 63 
by regional differences in other climatic and environmental factors including temperature, 64 
rainfall (amount and seasonality) and fire severity (Higgins & Scheiter, 2012; Lehmann et 65 
al., 2014; Zhou et al., 2018).  66 
  
 One of the dominant settings in which C4 plants maintain a competitive advantage 67 
over C3 plants is where vegetation growing season is warm, with precipitation confined 68 
primarily to the warmest part of the year (Ehleringer, 2005). This is related to C4 plants not 69 
photorespiring at high temperatures, due to their using the Hatch-Slack biochemical 70 
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pathway of atmospheric CO2 fixation (Long, 1999). The modern hydroclimate of the 71 
northern Australian tropics and sub-tropics, where C4 plants dominate today (Hattersley, 72 
1983; Murphy & Bowman, 2007), is strongly influenced by the Indo-Australian Monsoon 73 
climate system and is characterised by a highly seasonal distribution of precipitation 74 
(Wheeler & McBride, 2005). The annual distribution of precipitation on the Australian 75 
continent clearly shows that most rainfall in northern Australia falls during the Austral 76 
summer months (December, January, February; DJF) (Fig. 1). Given modern relationships 77 
between summer-dominated precipitation and the distribution of C4 vegetation in 78 
Australia, Andrae et al. (2018) proposed that the onset of C4 expansion in Australia at ~3.5 79 
Ma could have been driven by the onset and/or intensification of the Indo-Australian 80 
Monsoon. In this scenario, restriction of rainfall to the warmer months and reduction of 81 
winter precipitation would have increasingly confined growing season to the warmest 82 
months of the year (Austral Summer; DJF). This would have resulted in C4 plants gaining 83 
a competitive advantage over C3 plants in this region at that time. This scenario is 84 
supported by evidence for intensification of the East Asian Winter Monsoon during this 85 
time in conjunction with evidence for the existence of a cross-hemispherical relationship 86 
between the East Asian Winter and Indo-Australian Summer Monsoon systems that is 87 
observed back to at least the mid-Pleistocene (Eroglu et al., 2016; Liu et al., 2015; Rea et 88 
al., 1998; Yancheva et al., 2007). In addition, several published records suggest a link 89 
between the proliferation of C4 vegetation to regional hydrological change (e.g. Dupont et 90 
al., 2013; Huang et al., 2007). Several north-western Australian proxy records capture 91 
significant hydrological variability across the late Cenozoic (Christensen et al., 2017; 92 
Groeneveld et al., 2017; Martin, 2006; Stuut et al., 2019). Still, constraints on warm-season 93 
precipitation variability through this interval are lacking, and this hampers our ability to 94 




1.2 Reconstruction of hydrological variability using sedimentary δDwax  96 
 While the annual distribution of rainfall is difficult to constrain from most proxy 97 
records, hydrogen isotope ratios of sedimentary leaf wax n-alkanes (sedimentary δDwax) 98 
from tropical regions show promise for reconstructing warm season precipitation amount 99 
(Collins et al., 2013; Kuechler et al., 2013). Higher precipitation is correlated with 100 
increased terrestrial biomass and leads to increased net primary productivity and net carbon 101 
sequestration in terrestrial ecosystems (Chen et al., 2009; Wu et al., 2011). Production and 102 
transport of leaf wax lipids increases with increased terrestrial primary production (Conte 103 
& Weber, 2002). Today, precipitation during the Austral summer dominates the northern 104 
Australian region and plant biomass is highest during this time (Chen et al., 2003). Under 105 
these conditions, vegetation δDwax transported to northern Australian sedimentary records 106 
should be biased toward reflecting growing season (warm season) precipitation δD values 107 
(Collins et al., 2013). Values of δD of precipitation in the global subtropics have been 108 
demonstrated to correlate with the amount of seasonal precipitation (Liu et al., 2010; 109 
Rozanski et al., 1993). Consequently, sedimentary δDwax values in time-series from this 110 
region should primarily reflect variability in warm season precipitation amount. There is 111 
great potential for the use of sedimentary δDwax to investigate precipitation dynamics 112 
across the late Cenozoic in Australia, with implications for understanding warm season 113 
precipitation variability through this time.  114 
 
1.3 Study aims 115 
 In this study, we investigate key controls on modern δD values of precipitation at a 116 
local scale and develop an interpretative framework for sedimentary δDwax for northern 117 
Australia using recent Global Network of Isotopes in Precipitation (GNIP) observational 118 
data. We then use this framework to infer warm season precipitation amount across the 119 
interval of C4 expansion in north-west Australia. This is undertaken through measurement 120 
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of δDwax values from sediments of Ocean Drilling Program (ODP) Site 763A (Fig. 1) and 121 
development of a time-series reconstruction of ancient precipitation δD (δDP) values, with 122 
calculations incorporating leaf wax n-alkane δ13C values and molecular distributions to 123 
account for vegetation change. Interpretation of this reconstruction in undertaken the 124 
context of modern precipitation dynamics of northern Australia.  125 
 
Figure 1. Total precipitation amount by season for Australia Summed precipitation amount of 
the Austral seasons (months indicated) across Australia interpolated for the period 1900-2014. 
Localities of study site (ODP 763A) and the Darwin GNIP field station are indicated. Precipitation 
data derived from Matsuura and Willmott (2015), with derivation and plotting of seasonal 0.5 × 0.5 






2 Materials and methods 126 
2.1 Modern northern Australian precipitation characterization 127 
 Interpolated gridded monthly precipitation amount data (Matsuura & Willmott, 128 
2015) was averaged across the period 1900 to 2014 (Matsuura & Willmott, 2015) and 129 
output as new gridded rasters using the R package ‘raster’ (Hijmans et al., 2019). Monthly 130 
rasters were summed to estimate total mean precipitation by Austral seasons (Summer, 131 
Autumn, Winter, Spring). In addition, means and standard error of means were calculated 132 
for observations of air temperature, precipitation amount and precipitation δD for each 133 
month of the year for the period 1962-2002 from cumulatively integrated observational 134 
data of the Darwin GNIP Darwin field station (12°25′47.99″S, 130°52′12″E; Fig. 1) 135 
(IAEA/WMO, 2019), using the ‘dplyr’ package (Wickham et al., 2019) in R.  136 
 
2.2 Sample preparation 137 
 Samples utilized in this study comprise portions of foraminifera to nanno-fossil 138 
ooze and foraminifera bearing nanno-fossil chalk (Haq et al., 1990) from Ocean Drilling 139 
Program Hole 763A, hereafter ODP 763A. All glass apparatus in contact with samples 140 
during preparation was thoroughly cleaned with 10% Decon 90® decontaminant solution 141 
in reverse osmosis (RO) water followed by three rinses of Milli-Q water, before being 142 
ashed (425 ºC, 9hrs). Other apparatus was cleaned as above before being rinsed with three 143 
times each of methanol (MeOH), dichloromethane (DCM) and n-hexane. A 0.5 cm portion 144 
of all exposed surfaces of the samples was removed with a scalpel to minimize 145 
contamination by allochthonous lipid material. Samples were lyophilized in ashed 146 
borosilicate glass containers for 48 hrs prior to homogenization in a Retsch MM 400 ball 147 
mill (5 sec mill time at 30 Hz). Total lipids were extracted from sediments using a Thermo 148 
Scientific™ Dionex™ ASE™ 350. Samples underwent five cycles of solvent rinse (five 149 
minute static rinse with 9:1 DCM:methanol) and purge (two minutes) at a temperature of 150 
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100 ºC and a pressure of ~110 bar. Solvents were evaporated from the total lipid extract 151 
(TLE) at 30 ºC under ultra-high purity (99.999%, BOC) N2 using a Biotage TurboVap® 152 
LV heated evaporator. The TLE was separated into three fractions (aliphatic, ketone/ester 153 
and polar) by solid phase extraction through ~0.5 g of solvent cleaned and oven activated 154 
(100 ºC, 24 hours) silica gel of 35 to 70 mesh size using 4 mL each of n-hexane, DCM and 155 
methanol, respectively. A small quantity of solvent cleaned copper turnings activated in 156 
hydrochloric acid was added to each aliphatic fraction to remove elemental sulfur prior to 157 
analysis. For sample age calculations, the published age-depth model for ODP 763A was 158 
utilized (Karas et al., 2011). Linear interpolations between palaeo-magnetic reversal datum 159 
tie-points established in Tang (1992) and updated to Hilgen et al. (2012) were utilized for 160 
periods where data was not available in the published model (after Andrae et al., 2018).  161 
 
2.3 Sedimentary n-alkane quantification 162 
 n-Alkanes (C14 to C36) in the aliphatic fraction were characterized and quantified 163 
on an Agilent 7890B GC coupled to an Agilent 5977B MSD. Samples were dissolved in 164 
100 μL n-hexane and spiked with an internal standard of 1-1’ binaphthyl at a concentration 165 
of 10 μg/mL. An n-alkane quantitation standard was prepared by dilution of a Certified 166 
Reference Material (C7-C40 Saturated Alkanes Standard, Supelco 49452-U) to a 167 
concentration of 10 μg/mL, also with an internal standard of 1-1′ binaphthyl at a 168 
concentration of 10 μg/mL for concurrent analysis with the sample batch. From 169 
quantification data, n-alkane distribution metrics were calculated, including carbon 170 
preference index (CPI) and the ratio of C33 to C29 n-alkanes (Norm33). Formulae are as 171 
follows: 172 
 
CPI = 0.5 [[
(C25 + C27 + … + C35)
(C24 + C26 + … + C34)
] + [
(C25 + C27 + … + C35)
(C26 + C28 + … + C36)
]]   Equation 1. 
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        Equation 2. 
Where Cn is the total mass of a given compound in a sample (modified from Carr et al., 174 
2014). 175 
 
2.4 Sedimentary n-alkane δD analysis 176 
 δD values were measured for odd n-alkane homologs from C25 to C35 using a 177 
Thermo Trace gas chromatograph (GC) Ultra and Isolink coupled to a Thermo Delta V 178 
isotope ratio mass spectrometer (IRMS) through a ConFlo IV interface. Samples were 179 
quantitatively diluted in n-hexane and injected into a PTV injector with 2 mm i.d. 180 
silicosteel liner packed with glass wool. The inlet was held splitless at 60 °C during 181 
injection and then ramped ballistically to 320 °C where it was held for 1.5 min during the 182 
transfer phase. Compounds were separated on an HP-5MS column (30 m length, 0.25 mm 183 
i.d., and 0.25 μm phase thickness) with a constant helium flow of 1.0 mL/min. The GC 184 
oven was held at 60 °C for 1.5 min, ramped at 15 °C/min to 150 °C and then at 4 °C/min to 185 
320 ºC, and held for 10 min. The GC effluent was connected to a Thermo Scientific High 186 
Temperature Conversion (HTC) reactor held at 1430 °C. A standard mixture of n-alkanes 187 
(C16 to C30) with known δD values (Mix A7 purchased from Arndt Schimmelmann, 188 
Indiana University) was interspersed between sample measurements to calibrate the 189 
isotopic measurements. Measurement uncertainties (standard error of the mean), including 190 
both analytical uncertainty and uncertainty in realizing the Vienna Standard Mean Ocean 191 
Water (VSMOW) reporting scale, were calculated after Polissar and D’Andrea (2014). 192 





2.5 Sedimentary n-alkane δ13C analysis 194 
 δ13C values were measured for odd n-alkane homologs from C25 to C35 following 195 
the methodology reported in Andrae et al. (2018), with the exception of a Nafion 196 
membrane being used in place of a custom built cryotrap. The offset between the δ13C ratio 197 
of atmospheric CO2 for a given sample age (estimated from a high-resolution benthic CO2 198 
δ13C record; Tipple et al. (2010)) and the pre-industrial δ13C ratio of atmospheric CO2 (-199 
6.5‰) was applied to normalize the sedimentary δ13C values (Andrae et al., 2018). A two 200 
end-member mixing model incorporating mean δ13C values of the C31 n-alkane in modern 201 
C3 (-33.8 ‰; n = 106) and C4 (-20.1 ‰; n = 45) plants was used to calculate percent C4 202 
from sedimentary δ13CC31, after Garcin et al. (2014). Data presented here are reported as 203 
means and standard error of replicates. 204 
 
2.6 Fossil pollen assemblage analysis 205 
 A protocol adapted from Moore et al. (1991) was utilised for fossil pollen 206 
extraction, which consisted of digesting samples in cold HCl, followed by treatment with 207 
hot 10% KOH, acetolysis (a 9:1 mixture of acetic anhydride and concentrated sulfuric 208 
acid) and overnight immersion in concentrated HF. Heavy liquid separation using a Na-209 
polytungstate liquid of specific gravity 2.0 (Munsterman & Kerstholt, 1996) was used to 210 
isolate the acid- and alkali-resistant residues which were then dehydrated in ethanol and 211 
mounted on glass slides in glycerol. Pollen was counted using a Zeiss AxioScope A.1 with 212 
EC Plan Neofluar objectives along transects at 300X and 600X magnification until at least 213 
100 grains were counted for most samples. Pollen type was identified by comparison with 214 
modern reference collections and with images stored in the Australasian Pollen and Spore 215 





2.7 Sample specific εC31/P (εC31corr) calculations 217 
 Sample specific εC31/P (εC31Corr) was calculated for each sample using a 3 end-218 
member mixing model similar to Feakins (2013), to estimate values of δDP from δDwax 219 
through time. This calculation for each sample incorporated modern mean εC31/P values of 220 
different plant growth habits (trees, C3 grasses, C4 grasses) from a compilation dataset 221 
(Sachse et al., 2012) in conjunction with estimates of fractions of these plant growth habits 222 
and photosynthetic pathway for each sample estimated using mean δ13CC31 (see section 223 
2.4) and Norm33. εC31Corr was calculated as follows: 224 
 
εC31Corr =
 [fgrass × fC3 × εC3grass] + [fgrass × fC4 × εC4grass] + [ftree × εtree]  Equation 3. 
 
3 Results  225 
3.1 Modern northern Australian precipitation 226 
 Observational data of precipitation amount, temperature and precipitation δD 227 
values from the Darwin, Australia GNIP field station (IAEA/WMO, 2019) was utilized to 228 
explore recent northern Australian climate and precipitation isotope dynamics (Fig. 2). 229 
Results indicate that in Darwin, most rainfall occurs during the Austral Summer 230 
(December, January, February) and the first month of Austral Autumn (March) (range of 231 
258.86 to 463.55 mm), with moderate to low rainfall across the rest of the year (range of 232 
7.12 to 132.74 mm) (Fig. 2a). Average mean temperatures are relatively stable between 233 
months, though the Austral winter months are somewhat cooler than DJFM. Temperatures 234 
for the winter months range between 23.71 and 25.08ºC, compared to between 28.27 and 235 
29.04 ºC for DJFM (Fig. 2b). Average mean precipitation δD values vary considerably 236 






Figure 2. Average monthly mean precipitation amount, air temperature and precipitation δD 
for Darwin, Australia a) Aggregated mean precipitation amount of each month for the period 1962 
– 2002, b) aggregated mean temperature of each month for the same period and c) aggregated 
mean precipitation δD of each month. Data are cumulatively integrated monthly observations from 
the Darwin GNIP field station (Northern Territory, Australia) (IAEA/WMO, 2019). Error bars 
represent one standard error of the mean.  
 
 Regression analysis of precipitation δD values and both precipitation amount and 238 
air temperature observations for 1962-2002 was undertaken using cumulatively integrated 239 
monthly observations from the Darwin GNIP field station (IAEA/WMO, 2019). This was 240 
done to understand environmental controls on modern precipitation δD values in northern 241 
Australia, particularly in relation to the temperature and amount effects (after Liu et al., 242 
2010). No significant linear correlation exists between air temperature and precipitation δD 243 
values for all observational data across the period 1962-2002 (Fig. S1). A weak but 244 
statistically significant positive linear correlation exists, however, for observational data 245 
from only the wettest months (December, January, February, March; DJFM) across the 246 
period 1962 – 2002 (Fig. 3a). Strong and statistically significant negative linear 247 
correlations are observed between precipitation amount and precipitation δD values for all 248 






















Figure 3. Linear regressions of December, January, February and March climate and 
precipitation δD observations for Darwin, Australia a) Relationship between air temperature 
and precipitation δD values for December, January, February and March observations across the 
period 1962 – 2002. b) Relationship between precipitation amount and precipitation δD values for 
December, January, February and March across the same period. Data are cumutively integrated 
monthly observations from the Darwin GNIP field station (IAEA/WMO, 2019).  




3.2 Sedimentary δD and δ13C 250 
 Sedimentary δDwax values are reported for n-alkanes extracted from 19 sediment 251 
sections of ODP 763A, ranging in age from 0.0052 to 6.75 Ma (Fig. 4a, Data Set S1). 252 
δDC29 values range from -133 to -106 ‰, δDC31 values range from -132 to -108 ‰, and 253 
δDC33 values range from -137 to -91 ‰. δDC31 values were measured for all samples, with 254 
all other chain lengths measured whenever possible. In some cases, chromatographic co-255 
elution with the C25, C27, C29 and C35 n-alkane peaks occurred at the concentrations 256 
required for D measurements, impeding reliable measurement of δD values. In these 257 
cases, the data are not presented. δDC31 values therefore provide the longest, highest 258 
resolution and most reliable record. The minimal bias in the production of the C31 n-259 
alkane by different plant functional types (PFTs) compared to other long-chain n-alkane 260 
compounds (Bush & McInerney, 2013; Garcin et al., 2014; Howard et al., 2018; Vogts et 261 
al., 2009) is favourable for interpretation. No systematic size effect was found for δDwax 262 
measured from compounds where peak area is above 25 Vs. For peak areas between 10 263 
and 25 Vs, δDwax bias related to peak size is ~1-2 ‰, and within the uncertainty of 264 
reference gas realization.  265 
  
 Sedimentary δ13Cwax values from 19 new core levels in ODP 763A are reported 266 
here and compiled with those reported in Andrae et al. (2018), to produce a time-series of 267 
observations ranging in age from 0.0052 to 8.82 Ma (Fig. 4b, Data Set S2). Carbon isotope 268 
ratios of C29, C31 and C33 n-alkanes are reported for all samples. Values of  δ13Cwax 269 
adjusted for values of atmospheric CO2 δ
13C range from -33.8 to -25.32 ‰ for C29, -32.8 270 
to -24.73 ‰ for C31, and -33.8 to -23.07 ‰ for C33. δ13Cwax values become more positive 271 
across the record for C29, C31 and C33. The expanded dataset significantly increases the 272 
resolution and length of the record and ensures complementary measurements of δ13CC31 273 
and δDC31 from the same sample. Percent C4 calculated from sedimentary δ
13CC31 values 274 
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ranges from 7.32 to 66.2% (see section 2.4, Fig. 4b, Data Set S2). 275 
 
3.3 Leaf wax n-alkane distributions and fossil pollen 276 
 Summed concentrations of the C29, C31 and C33 n-alkanes in sediments of ODP 277 
763A measured in this study and compiled with those from Andrae et al. (2018) range 278 
from 17.6 to 314.9 ng/g dry sediment. n-Alkane molecular distribution metrics CPI and 279 
Norm33 (see section 2.2) are reported for 19 new core levels of ODP 763A and compiled 280 
with those reported in Andrae et al. (2018) (Fig. 4c, Data Set S3). In several cases, 281 
measurements of CPI and Norm33 reported for previous work from this site were 282 
recalculated using updated n-alkane quantification data from the same core levels. Overall, 283 
CPI values are high throughout the record, ranging from 3.97 to 15.41. Norm33 is 284 
relatively variable throughout the record, ranging from 0.41 to 0.87. Data from nine new 285 
core levels are compiled with those presented in Andrae et al. (2018) to produce a time-286 
series of pollen observations ranging in age from 1.03 to 8.14 Ma (Fig. 4d, Data Set S4). 287 
Pollen as a percentage of total pollen counts (between 57 to 163 grains) from the families 288 
Poaceae, Asteraceae and Chenopodiaceae ranges from 24 to 75.4%, and generally 289 
increases across the record. Pollen of swamp, wetland and wet heath taxa (Cyperaceae, 290 
Restionaceae, Anathriaceae families, plus isoetes), as a percentage of total pollen counts, 291 
ranges from 3.5 to 39.1%, with a significant decrease beginning between 4-5 Ma.  292 
 
3.4 Source of sedimentary n-alkanes in ODP 763A 293 
 High CPI throughout the record is indicative of leaf wax n-alkanes preserved in 294 
sediments of ODP 763A being derived primarily from terrestrial vegetation (Bush & 295 
McInerney, 2013). In addition, the presence of substantial terrestrial vegetation pollen in 296 
the record (Fig. 4d) affirms the transport and deposition of terrestrially derived plant 297 
material to sediments of ODP 763A. Compound specific isotope measurements therefore 298 
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reflect the plant physiology and environmental variability as experienced by plants. 299 
Complementary measurements of δ13Cwax, Norm 33 and δDwax from the same samples 300 
enable the estimation of the contribution of leaf wax n-alkanes from plants using different 301 
photosynthetic pathways (C3 and C4) and PFT to each sample. n-Alkanes preserved in 302 
sediments of ODP 763A are likely to be integrated from a large spatial extent of the north-303 
west Australian region and to have been transported by predominantly aeolian processes 304 













































Figure 4. Sedimentary δDwax, δ13Cwax, n-alkane molecular distribution and pollen results a) 
δDwax values measured for the three most ubiquitous long-chain n-alkane compounds in the record; 
C29,C31,C33. b) δ13Cwax values measured for the same compounds. c) n-Alkane molecular 
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distribution metrics Norm33 (black) and carbon preference index (grey). d) Pollen of the Poaceae, 
Asteraceae and Chenpodiaceae families (black) and pollen of swamp, wetland and wet heath taxa 
(Cyperaceae, Restionaceae and Anarthriaceae families plus isoetes; green) as percentages of total 
counts. Error bars for carbon and hydrogen isotope measurements represent one standard error of 
the mean, as calculated after Polissar and D’Andrea (2014). δ13Cwax, Norm33 and CPI include data 
from this study and Andrae et al. (2018); see Data Set S1 for data source. 
 
4 Discussion   306 
4.1 Modern northern Australian precipitation δD and sedimentary δDwax 307 
 Analysis of modern observational data from the wettest months (DJFM) indicates a 308 
strong correlation between precipitation δD values and precipitation amount in the tropical 309 
wet and dry (monsoonal) climate region of northern Australia (Peel et al., 2007). There is 310 
indication of a limited temperature control on precipitation δD values for this region, 311 
consistent with the findings of Liu et al. (2010). Similar climate-isotope relationships are 312 
also observed for other tropical to sub-tropical regions, including central Africa (Collins et 313 
al., 2013) and East Asia (Vuille et al., 2005). These relationships are consistent with the 314 
amount effect being dominant where large-scale moisture convergence is the primary 315 
source of atmospheric moisture over surface evaporation (Moore et al., 2014).  316 
 
 Based on a study of transport dynamics of leaf wax lipids to the western North 317 
Atlantic (Conte & Weber, 2002), we assume that production, ablation and transport of leaf 318 
wax n-alkanes to sediments increases proportionally with biomass in northern Australia. 319 
Given this, it can be argued that sedimentary δDwax in ODP 763A will be weighted towards 320 
predominantly reflecting the isotopic composition of precipitation during DJFM. As the 321 
dominant control on  precipitation δD values in the north-west Australian region is found to 322 
be the amount effect, variability in sedimentary δDwax values in ODP 763A should strongly 323 
reflect variability in warm season precipitation amount through time. In this interpretive 324 
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framework, more negative values of δDwax will reflect periods of greater warm season 325 
precipitation. For ODP 763A, sedimentary δDwax values for samples in the interval from ~4 326 
Ma to recent show a strong trend toward more negative values, suggesting increasingly 327 
greater amount of warm season precipitation through this interval. Prior to ~4 Ma, δDwax 328 
values are more variable and display higher isotopic spread. This is contrasts with samples 329 
younger than ~4 Ma, where δDwax values show relatively low isotopic spread among 330 
homologs. In general, the earlier part of our record shows n-alkanes with more positive δD 331 
values relative to the later part of the record, suggesting that warm season precipitation 332 
dominance in northern Australia was low until the late Pliocene.  333 
 
4.2 Estimates of δDP from δDwax 334 
 A series of hydrogen isotope fractionations occur in plants between source water 335 
uptake and biosynthesis of n-alkanes, with a resultant net apparent fractionation between 336 
values of precipitation δD and plant δDwax (εwax/P) (Sachse et al., 2012). Significant 337 
variability is found in εwax/P between different plant functional type and photosynthetic 338 
pathway. For δDC31 in modern plants, respective εC31/P values for C3 grass, C4 grass, 339 
shrubs and trees are found to be -157 ± 4 ‰, -136 ± 3 ‰, -99 ± 4 ‰ and -113 ± 3 ‰ 340 
(Sachse et al., 2012). The εC31/P value used to estimate δDP from sedimentary δDC31 341 
through time is therefore likely to be dependent on different vegetation contributions to the 342 
record. In an effort to account for this, εC31corr was calculated using PFT and photosynthetic 343 
pathway fraction estimates in conjunction with a mixing model incorporating values of 344 
εC31/P for different PFT and photosynthetic pathway (see Equation 3, section 2.6) (Feakins, 345 
2013). By considering the differences in apparent fractionation between vegetation type as 346 
well as photosynthetic pathway, values of δDC31 were normalized to remove physiological 347 




 Ancient δDP values reconstructed using εC31Corr are high compared to values of 349 
modern values of precipitation δD in northern Australia, which are relatively negative even 350 
in the driest months of the year (Fig. 5a). This could reflect the assumed εC31/P for different 351 
plant functional type and photosynthetic pathway not being appropriate for the catchment 352 
area of ODP 763A, because the values derive from a global compilation of plants that 353 
mostly reflects regions other than Australia (Sachse et al., 2012). While Australian εC31/P 354 
values estimates would be preferable for calculating εC31Corr for this study, this was not 355 
possible given that of the derived εC31/P values from Sachse et al. (2012) (n=331), only a 356 
small fraction (n=9) were calculated from Australian plant samples. As such, values of 357 
εC31Corr used to calculate ancient δDP values may not be realistic in the context of the 358 
Australian flora. In addition, sample-specific apparent fractionation (εC31corr) values applied 359 
to values of δDwax varied by only ~6 ‰ throughout the record, and thus had a relatively 360 
minor impact on the range of estimated δDP values. As such, interpretations of changing 361 
warm season rainfall amount from values of δDP derived by applying constant apparent 362 
fractionation may be justified, as suggested by Feakins and Sessions (2010) and Vogts et 363 
al. (2016). 364 
 
 For modern data that encompasses various plant functional types and regions, mean 365 
apparent fractionation and one standard error of the mean for the C31 n-alkane (εC31/P) is -366 
123 ± 2 ‰ (Sachse et al., 2012). In a survey of plants living in the arid ecosystems of 367 
southern California, Feakins and Sessions (2010) found a mean apparent fractionation of -368 
94 ± 3 ‰, for all compounds (εwax/P). These values are applied as a constant apparent 369 
fractionation to values of δDC31 and result in values of δDP that are much more consistent 370 
with modern estimates of northern Australian precipitation δD range (Fig 5b,c). 371 
Application of the arid ecosystem derived value of apparent fractionation of Feakins and 372 
Sessions (2010) (Fig. 5c) is realistic in the context of the relatively arid environment of the 373 
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Australian continent inferred across the record interval (Christensen et al., 2017; Macphail, 374 


















































Figure 5. δDP derivations from values of sedimentary δDC31 using different apparent 
fractionation values a) Values of δDP derived using sample specific values of εC31Corr. Grey 
dashed lines represent δDP derived by applying apparent fractionation values assuming 100% C3 
grass and shrub input to the record, respectively (Sachse et al., 2012). b) Values of δDP derived 
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using a constant value of apparent fractionation for the C31 n-alkane (εC31) of -123 ± 2 ‰, the mean 
of the global dataset of Sachse et al. (2012). Error bars reflect propagated standard error 
incorporating sedimentary δD measurement and modern εC31/P standard error. c) Values of δDP 
derived using a constant value of apparent fractionation for C25-C33 (εwax) of -94 ± 3 ‰, the mean 
of the arid ecosystem dataset of Feakins and Sessions (2010). Error bars reflect propagated 
standard error incorporating sedimentary δD measurement uncertainty and modern εwax/P standard 
error. Grey bars reflect the range of mean values of modern precipitation δD from the months of 
DJFM in Darwin, Australia (from Fig. 2c).  
 
 Regardless of the apparent fractionation factor applied, after ~4 Ma, values of δDP  376 
become increasingly negative. From this, we interpret an increase in the amount of warm 377 
season precipitation in north-western Australia, coincident with expansion of C4 378 
vegetation in the region (Andrae et al., 2018). Several contemporaneous proxy records 379 
suggest progressive drying in north-west Australia since the late Pliocene (Christensen et 380 
al., 2017; Macphail, 1997; Martin & McMinn, 1994), and seem at first glance to be at odds 381 
with increasing warm season precipitation. However, a scenario of increasing warm season 382 
precipitation contemporaneous with greater seasonality and increasing aridity in north-west 383 
Australia is supported by climate modelling of the north-west Australian region for the 384 
Last Glacial Maximum (LGM) (Yan et al., 2018). Thus, a trend toward greater warm 385 
season precipitation in north-western Australia since ~4 Ma is interpreted from our record 386 
in the context of increasing aridification. Cool months would have become increasingly 387 
dry, while warm months would have become much wetter. This interpretation is 388 
corroborated by changes in the percentage of swamp, wetland and wet heath taxa pollen 389 
quantified from the record (Fig. 4d). High abundances of these taxa, particularly 390 
Restionaceae, prior to ~4 Ma implies perennially moist soils and suggests relatively high 391 
and uniformly distributed precipitation across north-western Australia (Briggs, 2001; 392 
Linder et al., 2003), perhaps higher than other palaeo-climatological studies have estimated 393 
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for this time (e.g. Christensen et al., 2017; Groeneveld et al., 2017). In this context, 394 
relatively negative values of δDP  in the early part of the record may reflect high and 395 
uniformly distributed precipitation in north-western Australia, rather than high warm-396 
season precipitation. The significant decrease in these swamp, wetland and wet heath taxa 397 
pollen in sediments of ODP 763A since ~4 Ma suggests an onset of hydroclimatic 398 
conditions that were unable to support this flora, likely increasingly seasonally arid 399 
conditions.  400 
 
4.3 Mechanisms for late Cenozoic hydrological change in northern Australia  401 
 Recent work by Auer et al. (2019) suggests that hydrological change in the northern 402 
Australian region could have been driven by local-scale tectonic changes. Prior to ~3.54 403 
Ma, water transport between the Indian and Pacific Oceans was connected equatorially. At 404 
this time, tectonic uplift is thought to have caused restriction of the Indonesian 405 
Throughflow (ITF) (Auer et al., 2019; Christensen et al., 2017; Karas et al., 2011). This, in 406 
turn, caused the source region of water being transported to eastern Indian Ocean to shift 407 
from the warm tropical Pacific to the cool northern Pacific. The resultant eastern Indian 408 
Ocean cooling led to the establishment of an Indian Ocean Dipole-like mechanism, with 409 
associated changes in sea surface temperature (SST) and atmospheric circulation forcing 410 
aridification of northern Australia after ~3.3 Ma (Auer et al., 2019; Stuut et al., 2019). 411 
Experimental model results support this mechanism, indicating that ITF restriction could 412 
have reduced precipitation over the eastern Indian Ocean by as much as 30% (Krebs et al., 413 
2011).  414 
 
 ITF restriction accounts for the late Cenozoic aridification observed in a number of 415 
northern Australian and other distal Australian palaeo-climatic proxy records (Christensen 416 
et al., 2017; Miller et al., 2012; Sniderman et al., 2016; Stuut et al., 2019), but it does not 417 
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account for the evolution of a summer dominated precipitation regime in northern 418 
Australia suggested by the data reported in this study. Increased aeolian dust flux into the 419 
north Pacific marine sedimentary record since the late Pliocene (Rea et al., 1998; Snoeckx 420 
et al., 1995) is interpreted as the onset of East Asian winter Monsoon (EAWM) 421 
intensification (An et al., 2001; Guo et al., 2004; Sun et al., 1998; Zheng et al., 2004). The 422 
Indo-Australian Monsoon climate system is suggested to be predominantly controlled by 423 
cross-equatorial thermal and pressure gradients between Australia and East Asia (An, 424 
2000). Southward migration of the Intertropical convergence zone (ITCZ) related to 425 
northern hemisphere cooling has been observed on centennial–millennial to orbital time-426 
scales in a range of late Cenozoic sedimentary records (Denniston et al., 2013; Eroglu et 427 
al., 2016; Liu et al., 2015; Yancheva et al., 2007). Stuut et al. (2019) attributed increased 428 
incidence of precipitation variance and frequency of large rainfall events after 3.8 Ma to 429 
increased summer monsoon activity linked to changes in SST. The onset of late Pliocene 430 
EAWM intensification that could have pushed the ITCZ far enough southward to drive 431 
significantly higher warm season precipitation across northern Australia (Andrae et al., 432 
2018). The resultant seasonally wet/dry climatic conditions would have been advantageous 433 
to C4 vegetation, resulting in proliferation of C4 dominated ecosystems since that time. 434 
There is potential for these climatic conditions to have promoted environmental feedbacks 435 
such as wildfire (Osborne 2008), with these potentially further influencing the expansion 436 
of C4 vegetation in the Australian region. 437 
 
5 Conclusions 438 
  Using recent climate and precipitation isotope data from Darwin, Australia, we find 439 
that the dominant control on northern Australian precipitation is the amount effect at both 440 
annual and warm season scales (DJFM). From this observation, we developed an 441 
interpretive framework for the sedimentary δDwax record of ODP 763A that incorporated 442 
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leaf wax n-alkane production and transport dynamics. We concluded that sedimentary 443 
δDwax values will be biased toward reflecting warm season precipitation for this region. As 444 
such, values of sedimentary δDwax across the ODP 763A record will reflect changes in the 445 
amount of warm season precipitation through time, with D-depletion in δDwax indicating 446 
increased warm season rainfall. To derive ancient values of δDP, we applied several 447 
apparent fractionation values to δDC31. Sample specific apparent fractionation 448 
incorporating PFT and photosynthetic pathway differences resulted in unrealistic values of 449 
δDP in the context of values for modern precipitation δD values in northern Australia. We 450 
instead applied a constant value of apparent fractionation measured from a survey of arid 451 
land plants and found that values of δDP were more consistent with the range in recent 452 
northern Australian values of precipitation δD. In ODP 763A, we observe δDP values 453 
becoming more negative by up to ~20 ‰ since ~4 Ma. We interpret this as increasing 454 
amount of warm season precipitation across north-western Australia through this interval. 455 
This is coincident with the expansion of C4 vegetation in this region through the last ~3.5 456 
Ma and suggests a strong hydrological control on this ecological shift. Our results reaffirm 457 
the importance of regional controls on the promotion of C4 expansion across different 458 
regions of the globe. 459 
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Figure S1. Linear regressions of climate and precipitation δD observations for Darwin a) 
Relationship between air temperature and precipitation δD observations across the period 1962 – 
2002. b) Relationship between precipitation amount and precipitation δD observations for the same 
period. Data are cumutively integrated monthly observations from the Darwin GNIP field station 
(IAEA/WMO, 2019).  
 




Chapter 6: Research outcomes, limitations and future directions 
              
 Research presented in this thesis was undertaken to address two separate groups of 1 
aims relating to the understanding and application of n-alkane molecular and isotopic 2 
proxy systems for palaeo-environmental reconstructions. The first group of aims related to 3 
addressing significant knowledge gaps in our understanding of key aspects of leaf wax n-4 
alkane molecular distribution and isotopic proxy systems that have inhibited robust palaeo-5 
environmental interpretations under certain circumstances. The second group of aims 6 
related to the application of more well constrained aspects of n-alkane molecular and 7 
isotopic proxy systems as tools to address key questions surrounding the development of 8 
the modern Australian flora and climate since the late Cenozoic. Each research chapter in 9 
the thesis discusses and summarises research findings individually. In this chapter, I 10 
undertake a broad synthesis of the research outcomes of this thesis in the context of the 11 
specific research aims and highlight some implications of these outcomes for future work 12 
in the field. I also briefly outline some limitations of the research and discuss ways in 13 
which these limitations may be addressed with further work.  14 
 
Research outcomes, implications and limitations 15 
For a single species, do leaf wax n-alkane molecular distributions respond plastically to 16 
climate variability, or are they fixed for distinct climate regimes? 17 
 Chapter 2 significantly increases our understanding of the scale at which leaf wax 18 
n-alkane molecular distributions reflect climate, particularly aridity. A single-species study 19 
was developed to mitigate any influence of phylogeny or plant functional type on leaf wax 20 
n-alkane distribution and ensure climatic control could be constrained to a greater extent 21 
than previous studies that used climate transects with high species turnover. n-Alkane 22 
molecular distributions in Melaleuca quinquenervia likely reflect fixed population level 23 
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responses to distinct climate regimes as opposed to plastic responses to local climate 24 
variability in space and time. These results have important implications for how 25 
sedimentary leaf wax n-alkane molecular distributions are interpreted from geological 26 
records. Where ancient n-alkanes can be derived from this species, n-alkane molecular 27 
distribution variability through time will likely reflect population responses to large 28 
climatological shifts. One limitation of the research in Chapter 2 is the study design only 29 
incorporated one species. This study design was largely motivated by the preservation of 30 
sub-fossil leaves of this species in Holocene sedimentary records from eastern Australia 31 
(Barr et al., 2019; Tibby et al., 2016), and the potential for application leaf wax n-alkane 32 
molecular distributions as a proxy system to these records. As such, the results of this work 33 
are limited, and implications for application of n-alkane molecular distributions as a proxy 34 
system to other species-specific records will need to be similarly tested. Additionally, a 35 
somewhat disjunct sampling regime limits the ability to determine whether changes in n-36 
alkane characteristics between the two study regions occurred suddenly or gradually. 37 
Nevertheless, the work does suggest that leaf wax n-alkane production does not respond 38 
plastically to climate variability, at least in this species. 39 
 
How do carbon isotope ratios of different n-alkanes in lacustrine sediments reflect mixing 40 
of n-alkanes derived from terrestrial and aquatic vegetation? 41 
 Chapter 3 constrains how mixing of n-alkane inputs from different vegetation type 42 
impacts δ13C values of discrete n-alkane compounds preserved in lacustrine sedimentary 43 
archives, using a natural laboratory approach. Results suggest that sensitivity to vegetation 44 
change will vary between different n-alkane homologs. This includes both changes in 45 
proportions of photosynthetic pathway on the landscape as well as changes in non-46 
emergent aquatic plant inputs to sedimentary records. This has important implications for 47 
how and in what circumstance aspects of leaf wax n-alkane proxy systems can be applied, 48 
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particularly from an isotopic perspective. The optimal n-alkane chain lengths for 49 
reconstructions of proportion of photosynthetic pathway on the landscape are found to be 50 
the longest biosynthesised by plants; those with greater than 31 carbon atoms. The results 51 
of Chapter 3 suggest that significant care should be taken in interpreting changes in the 52 
proportion of photosynthetic pathway on the landscape from other n-alkanes preserved in 53 
lacustrine sedimentary records. A significant limitation to the conclusions that could be 54 
attained in Chapter 3 is a lack of constraint on changes in δ13C of the DIC pool in the 55 
Garvoc palaeo-lake record through time. As a result of this, it is unclear whether the 56 
variable δ13C values for mid-chain n-alkanes could have resulted from high levels of mid-57 
chain n-alkane production by C3 terrestrial vegetation or from DIC pool δ13C variability 58 
through time. To follow this up, future research could undertake seasonal monitoring of 59 
lake systems, including analysis of contemporary DIC isotopes. Alternatively, analysis of 60 
lake sediments containing a mixture of both organic and inorganic carbonates, where the 61 
latter can be used as a proxy for lake DIC isotopes, would provide stronger constraints on 62 
the system. 63 
 
What was the timing of C4 vegetation expansion on the Australian continent and was 64 
regional hydrology an important control on the expansion of C4 vegetation on the 65 
Australian continent? 66 
 In Chapter 4, the timing of C4 expansion onset on the Australian continent was 67 
constrained for the first time. Carbon isotope analysis of leaf wax n-alkanes in an offshore 68 
marine sedimentary record showed that the onset of C4 expansion in north-western 69 
Australia was at ~3.5 Ma, much later than most other geographic regions (Polissar et al., 70 
2019). This record provides strong evidence for regional controls on the proliferation of C4 71 
dominated ecosystems globally. Asynchronicity in timing of onsets points towards regional 72 
climate and environmental factors acting as tipping points for these significant ecological 73 
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shifts, as postulated by Higgins and Scheiter (2012). Chapter 5 provides evidence that 74 
changes in the seasonality of precipitation are likely to have been a primary driver for C4 75 
expansion on the Australian continent. A trend toward globally declining pCO2 is observed 76 
since the Miocene and seems to have been critical to the expansion of C4 vegetation in a 77 
number of other regions (Polissar et al., 2019). However, the expansion of C4 vegetation in 78 
Australia does not exhibit a correlation with global pCO2 records and work presented in 79 
this chapter provides evidence substantiating the assertion that regional controls in 80 
association with global factors drove onsets of C4 expansions globally (Higgins & 81 
Scheiter, 2012). It is likely that globally declining pCO2 was a prerequisite for C4 82 
expansion globally, but that regional results presented indicate that asynchronous C4 83 
vegetation expansions likely reflect the crossing of regional thresholds of atmospheric, 84 
climatic and environmental conditions in combination that afforded C4 vegetation a 85 
significant competitive advantage. It could be postulated that the more seasonal rainfall 86 
extremes interpreted for the Australian continent at this time may have influenced 87 
environmental factors like fire occurrence, and this may have further contributed to 88 
ecosystem change (Osborne 2008). These results and interpretations have significant 89 
implications for understanding the sensitivity of ecosystems to future impacts of changes to 90 
Earth’s atmosphere and climate.  91 
 
 There are limitations in the spatial and temporal resolution of leaf wax n-alkane 92 
proxy systems as tools for palaeo-environmental reconstructions from marine deposits as 93 
presented in Chapters 4 and 5. In many cases, leaf wax n-alkanes preserved in deep-time 94 
marine geological archives will be highly spatially integrated as a result of a primarily 95 
aeolian transport pathway (Conte & Weber, 2002; Diefendorf & Freimuth, 2017; Uno et 96 
al., 2016). In these cases, leaf wax n-alkane molecular and isotopic properties will reflect 97 
an array of different vegetation biomes and climate regimes, with potential for muting of 98 
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important spatial variability. There is also great potential for temporal integration of leaf 99 
wax n-alkanes in marine sedimentary records as a result of low sedimentation rates and 100 
sediment turbidity (Uno et al., 2016), along with re-mobilisation of significantly pre-aged 101 
fossil n-alkanes from other geological successions (Douglas et al., 2014). It is suggested 102 
that for deep-sea marine sediment records, n-alkane molecular distribution and isotope 103 
signals representative of palaeo-vegetation and climate may be muted or obscured by 104 
factors including bioturbation and coring induced disturbance (Uno et al., 2016).  105 
 
 Additionally, vegetation and climate reconstructions may also be impacted by 106 
biases in the transport of leaf wax n-alkanes from plants to sediments (Freeman & Pancost, 107 
2014; Howard et al., 2018). Conte and Weber (2002) found seasonal trends in the long-108 
range transport of leaf wax lipids to marine sediments and demonstrated that the potential 109 
for episodic transport was high. This potential for seasonal bias has positive and negative 110 
aspects. On one hand, we demonstrate in Chapter 5 how this bias allows for investigation 111 
of seasonal aspects of hydrology that other proxies are unable to constrain. In this case, 112 
leaf wax production and transport will be maximised during the wet season in northern 113 
Australia, and leaf wax δD values in sediments will thus predominantly reflect wet season 114 
precipitation δD values. On the other hand, this bias may lead to leaf wax n-alkanes 115 
preserved in marine sediments not reflecting vegetation on the landscape to its full annual 116 
extent. Possible solutions to these issues are described in the section below, detailing future 117 
research directions. 118 
 
Future research directions 119 
 The various limitations found in the course of this research may be addressed 120 
through additional work, including but not limited to: 121 
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• Further studies examining molecular distribution-climate relationships for other 122 
species with known preservation in geological archives of importance, to test 123 
whether the relationships observed for Melaleuca quinquenervia hold true for other 124 
species. Whole leaf preservation with the potential for species-specific n-alkane 125 
preservation may provide new opportunities for reconstructing past aridity. 126 
Controlling for vegetation turnover using species-specific n-alkane molecular 127 
distribution reconstructions should allow for primary interpretations of climate 128 
variability from n-alkane molecular distributions that had not been thoroughly 129 
explored previously. 130 
 
• Factoring in DIC pool δ13C variability to studies constraining the impact of n-131 
alkane source mixing on δ13C values of lacustrine sedimentary n-alkanes. This 132 
would aid in discerning whether variability in δ13C values of sedimentary mid-133 
chain n-alkanes in lacustrine systems results from DIC pool δ13C variability or from 134 
significant production of mid-chain n-alkanes by terrestrial vegetation. A feasible 135 
way to achieve this may be through studies of lacustrine systems with significant 136 
inorganic carbonate precipitation through time. In addition, complementary work to 137 
constrain hydrogen isotope variability as a function of terrestrial and non-emergent 138 
aquatic vegetation inputs would be of importance. This would allow for the 139 
development of more nuanced hydrological interpretations from n-alkane δD values 140 
measured in lacustrine geological archives. One application of this could be 141 
development of complementary lake water dynamic and precipitation 142 
reconstructions.  143 
 
• The development of late Cenozoic Australian palaeo-environmental reconstructions 144 
at higher spatial and temporal resolution than in the research undertaken here. 145 
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Higher spatial and temporal resolution n-alkane proxy records may provide local to 146 
regional scale insights and hold greater potential for robust time-series analysis 147 
than the marine sedimentary records presented in this thesis. Geological archives 148 
that may be used for this purpose are thought to be somewhat limited on the 149 
Australian continent (Kershaw et al., 1994), but there are several avenues that could 150 
be explored. Analysis of organic rich fluvial or lacustrine deposits (i.e. palaeo-151 
channel deposits) where n-alkanes may be preserved could be viable options for 152 
these types of reconstructions. In addition, recent work has demonstrated potential 153 
for analysis of n-alkyl biomarkers preserved in speleothems and other cave deposits 154 
to provide reconstructions of vegetation and climatic at a range of spatial and 155 
temporal scales (Blyth et al., 2016; Blyth et al., 2010; Wang et al., 2019). In these 156 
cases, splicing of multiple records from a region may be required to produce 157 
reconstructions that are long enough to examine long-term palaeo-ecological and 158 
palaeo-climatic trends. 159 
 
Research summary 160 
 Overall, the work presented in this thesis represents a significant advance in our 161 
understanding of leaf wax n-alkane proxy systems, particularly in an Australian context. It 162 
provides important new insights into how physiological and ecological processes are 163 
reflected by n-alkane molecular distributions and stable carbon and hydrogen isotope 164 
ratios. The results emphasise the importance of understanding n-alkane proxy systems at 165 
the compound level, with nuances in how different landscape processes are reflected by 166 
different n-alkane chain-lengths. The work also extensively contributes to the global 167 
understanding of late Cenozoic vegetation change. The novel reconstructions of vegetation 168 
and climate for the Australian continent presented here give insight into ecosystem 169 
responses to environmental change through an important period of Earth history, with 170 
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